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INSIGHTS INTO ION-MATRIX, AND ION-ION,
COUPLINGS IN POLYMER SALT ELECTROLYTES

FROM RELAXATION SPECTROSCOPY

C.A. Angell
Department of Chemistry

Purdue University
West Lafayette, IN 47907

and

L.M. Torell
Department of Physics

Chalmers Institute of Technology
Goteborg, Sweden

This talk is motivated by the need to contrast mechanisms of relaxation in different
potential solid state electrolyte systems in a simple self-consistent manner. To this end we
will examine the available transport data on polymer-salt systems in terms of the characteristic
relaxation times for applied electrical fields (which determine the d.c. conductivity of the
solution) and the relaxation times for mechanical stress (which measure the rate at which the
matrix itself deforms in response to applied mechanical stresses). These times may be
obtained by means of various relaxation spectroscopy techniques or, as average values, from
d.c transport properties in some cases. In the case of fast ion conducting glasses the inverse
ratio of these two times has been called the decoupling index, and its value has been used to
distinguish the potential of one sort of glassy system from that of another. Systems favorable
for practical applications are those which have decoupling indexes of the order of 1013 at
around the temperature of application.

In polymer-salt systems the determination of the appropriate mechanical relaxation time
requires some thought since the macroscopic viscosity in high molecular weight systems may
not reflect at all the relaxation time for mechanical stress felt at the molecular level. Different
techniques for obtaining the microscopic mechanical relaxation time arc discussed and the
resulting values are compared with the conductivity relaxation times for different polymer-salt
systems. In the most favorable cases we find decoupling indexes of the order of unity,
reflecting the well known fact that the migration mechanism in these systems is totally
different from that in ionic glasses. In cases of weak electrolytes, the decoupling index can
be substantially less than unity, reflecting the coupling of ions to themselves (ion-pairing) as
well as to the matrix. Finally we examine some novel plastic crystal-plus-salt systems in
which the decoupling index is of the order of unity and in which the conductivity relaxation
time at room temperature is shorter than to that in all other coupled systems. The relative
merits of polymeric salt versus plastic-crystal-salt systems, which in fact have many features
in common, will be examined.
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DIFFUSION OF IONS ON POLYMER ELECTROLYTES

A.V. Chadwick
University Chemical Laboratory
University of Kent at Canterbury

Canterbury, Kent CT2 7NH, U.K.

The discovery [I] of a relatively high ionic conductivity in complexes

formed between polyethylene oxide and alkali metal salts and the proposed

applications (2) of these materials as battery electrolytes has invoked

considerable interest in polymer electrolytes. The nature of the ionic

transport processes in these systems is of fundamental importance and this is a

complex problem to resolve. Experimental investigations of the ionic transport

have predominantly used electrical conductivity measurements, however, In

isolation they reveal little on the microscopic processes involved in ion

migration or ever the nature of the charge carrier. In crystalline Ionic

conductors considerable detail is known about the ion migration processes [3,4]

and prime sources of this information have been methods which involve direct

studies of the diffusion of ions. Recently, these types of study have been

reported for polyether electrolytes [5]. Although this work to date is limited

to relatively few systems It has provided vital data on the mobilities of ions

and potential transport mechanisms. The objective of this contribution is to

review these investigations.

The first section of this review will concentrate on the experimental

techniques available for the measurement of diffusion coefficients in polymer

electrolytes; these are primarily radlotracer and nuclear magnetic resonance

methods. The coverage will include an outline of the basic principles of the

techniques, the equipment and sample requirements, and the analysis of the raw

data. Special emphasis will be given to the advantages and limitations of each

technique.

In the second section consideration will be given to the use of diffusion

data as a probe of ion migration mechanisms. This will include a description

of the Haven ratio approach [5,6], which combines diffusion and conductivity

measurements. In essence, the two measurements are compared via the

Nernst-Einstein equation and deviations provide information on the extent or

correlation between diffusive steps of the ions [7]. The degree of correlation

itself depends on the migration mechanism. Other approaches which have proved

fruitful as mechanistic probes of Ion transport in crystalline solids are the



1.2

effect of pressure on diffusion (8] and the effect of isotopic mans on

diffusion [9]. The possible application of these methods to polymer

electrolytes will be included In this section.

Finally, the available diffusion data will be reviewed and their

implications in terms of the diffusion mechanisms will be discussed.

1. P.V. Wright; Brit Polymer J.,1973, 7, 319.

2. M.B. Armand, J.M. Chabagno and M.J. Duclot, in "Fast Ion Transport in

Solids" eds. P. Vashishta, J.N. Mundy and G.K. Shenoy, North-Holland,

Amsterdam, 1979, p. 131.

3. L.W. Barr and A.B. Lidiard In "Physical Chemistry-An Advanced Treatise",

Vol 10, eds. H. Eyring, D. Henderson and W. Jost, Academic Press, New York,

1970, p. 151.

4. J. Corish and P.W.M. Jacobs in "Surface and Defect Properties of Solids",

Vol 2, eds. M.W. Roberts and J.M. Thomas, Chemical Society, London, 1972,

p. 160.

5. A.V. Chadwick and M.R. Worboys in "Developments in Polymer Electrolytes"

eds. J.R. MacCallum and C.A. Vincent, 9lsevier, Amsterdam, 1987, ch. 9.

6. C. Bridges, A.V. Chadwick and M.R. Worboys, paper at this meeting.

7. A.D. LeClalre In "Physical Chemistry- An Advanced Treatise", Vol 10, eds.

H. Eyring, D. Henderson and W. Jost, Academic Press, New York, 1970, ch. 5.

8. D. Lazarus and N.H. Nachtrieb in "Solids under Pressure", eds. W. Paul and

D.M. Warschauer, McGraw-Hill, New York, 1963, ch. 3.

9. N.L. Peterson In "Diffusion in Solids; Recent Developments", eds. A.S.

Nowick and J.J. Burton, Academic Press, New York, 1975, p. 115.
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COMB SIiAPEb POLYMER ELECTHULYTES

J M G Cowie

Department of Chemistry, University of Stirling,

Stirling FK9 4LA, Scotland.

INTRODUCTION

Work on polymer/salt mixtures has increasea dramatically

during the past decade due to the interest in these systems as

fast ion conducting systems. One of the most successful of the

host polymer matrices, capable of dissolving inorganic salts to

produce homogeneous mixtures, is poly(ethylene oxide) PEO. It

has been studied widely in the pure homopolymeric form but it

tends to form semicrys~alline mixtures at temperatures below

350K. Consequently many workers have concentrated their

attention on a variety of alternative structures containing

short PEO chain segments, thereby avoiding the propensity for

PEO to crystallize. These structures include block and graft

copolymer networks and comb-shaped polymers with short pendant

PEO chains attached to backbones based on poly(methacrylic

acid), (12) poly(itaconic acid),
(3
'
4 1 

polyphosphazene
( 5 )

and polytoxy(methyl silene). 
( 6 )

Our interest has centred on the polyitaconate derivatives

but recently this has been extended to an examination of

comb-shaped structures based on poly(ethylene oxide) macromers

and polyphosphazenes with pendant crown ethers.

POLYITACONATES

Comb-shaped esters of polyitaconates with 1,2,3, and 7

methoxy terminated ethylene oxide [EOJ units attached to each

monomer unit were synthesised. The variation of the glass

transition temperature Tg with added salt is shown in Figure

1(a) and (b) for NaClO 4 and LiCIO 4 respectively. The

lowest range of Tg values is observed for the structure with

seven EO units. The structures with one EU unit show little

variation of Ty with salt and the values are generally higher

than those for the longer side chains. The conductivities in

these systems are highest for the lowest Tg mixtures as can be

seen from Figure 2, where log (conductivity) (a) is greatest for

the structure with seven Eu units and decreases to a very low

level for the structure with only oiie Eu unit. These data
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300-
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0.1 0-2 0.1 02
[salt]/[0I

Figure I(a): Variation of T9 Fjijue 1(b): Variation of Tg
with added NaCIO 4 for poly- With addea LiCIU 4 for poly-
itaconates with one (C]); itaconates with one (0);
two (0); ana three (C)) two (0); three (0) and
ethylene oxide units in seven (0 ) ethylene oxiae units
each side chain, in each side chain.

3-

5-

6-

2.5 3.0
103 KIT

Figure 2: A logarithmic plot of conductivity (o) as a function
of reciprocal temperature for poly itaconates With one ( 0);
two (rl), three (0) and seven (U) ethylene oxi(je units in the
side chain.

are tor mixtures with NaCiO 4 at a ratio |Na +1/EO unit) of

0.l25.
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For the polyitaconates, the optimum siae chain length would

appear to be about seven ethylene oxide units as longer side

chains will be prone to crystallization.

PObYMERS FROM ETHYLENE OXIDE MACROMERS (PVEO3 )

Polymerization of structure I gave material with M =n
30,000 which dissolved many inorganic salts to give amorphous

homogeneous mixtures.

CH2 = CH

The Tg o these mixtures mirror the behaviour of the

polyitaconates with three ethylene oxide units. An interesting

comparison of conductivities in these systems is illustrated in

Figures 3(a) and (b) where PVEO 3 is compared

- 10g(d/S cm-'1

a

3
3-

2-S 3"0 I

IO OT 2-5 3.0

Figure 3(a): Comparison of log Figure 3(b): Comparison of log
o against I/T plot for poly- a against I/T for poly-
itaconates with three (0), itaconates with three ()),
and seven ([) ethylene oxide and seven (]) ethylene oxide
units, and PVEOj (0) - salt units, and PVEo 3 ( 0) - salt
is bICIO 4 at [Li

4 J/1EO unit) is NaCIO 4 at [Na+]/IEO unit)
= U.125. = 0.125.

with the polyitaconates comprising three and seven Eo units in

the sidechain using biClO 4 and NaCIO 4 at a [cationj/IEu

unit) ratio of 0.125. In both cases the conductivities

observed in the PVoj3 systems are higher than the

polyitaconates with comparable side chain lengths and wnen

biCIu 4 is the salt used the PVEO 3 mixtures have
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conductivities matching those in the itaconates with seven EO

units. This may be a reflection ot the greater flexibility of

the chain backbone in the PVEO 3 system.

PULYPHOSPHAZENE-CROWN ETHERS

A series of polyphosphazenes with pendant crown ethers have

been prepared. A 16-crown-5 unit was attached to the poly

phosphazene backbone using methylene spacer units to modify the

initial Tg of the polymer. Spacers with 0, 3, and 6 methylene

units were examined and the Tys were observed to change in the

order 233K, 226K and 224.5K respectively.

For the unspaced structure the increase in Tg when a salt

is added is greater when NaCIO 4 is used compared with the

system containing LiCIO This is reflected in the

conductivity levels which are significantly better in the

NaCIO 4 polymer system. The implication is that this crown

ether is a more effective binding agent for the Na + than the+

Li and so there is a larger number of charge carriers and

fewer ion pairs produced in the system containing NaCIO 4.

Conductivity levels can also be improved by lengthening the

spacer and decreasing the initial Tg of the polymer as can be

seen in Figure 4, where the system with six methylene units now

dchieves conductivity levels similar to some of the linear side

chain structures.

-log 1/Scm-')

3

or

5 n6

n=~0

2.5 3.0

Figure 4: Ettect of spacer length on the temperature dependence

of conductivity 16-Crown-b derivatives with zero (4), three

(0) and six (m) methyiene spacer units. Also tur comparison

a 15-crown-b derivative with one methylene spacing unit (-).
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It might be expected that a decrease in crown ether ring

size would improve the complexing of the Li + ion. A

structure with one methylene spacer and a 12-crown-4 ring was

tested with LiCIO 4 but no significant improvement in

conductivity was observed. This question of ring size will be

discussed more fully.

REFERENCES

1. D.W. Xia, D Soltz and J Smid; J.Solid State lonics, 1984,

14, 221.

2. D.J. Bannister, G.R. Davies, I.M. Ward, and J.E. McIntyre;

Polymer, 1984, 25, 1600.

3. J.M.G. Cowie and A.C.S. Martin; Polym.Commun., 1985, 26,

295.

4. J.M.G. Cowie and A.C.S. Martin; Polymer, 1987, 2U, 627.

5. P.M. Blonsky, D.F. Shriver, P. Austin and H.R. Allcock;

Solid State Ionics, 1986, 18/19, 258.

6. D. Fish, I.M. Khan and J. Smid; Makromol.Chem. Rapid

Commun., 1986, 7, 115.



3.1

CROSS-LINKED POLYETHERS AS MEDIA FOR IONIC CONDUCTION

Alessandro GANDINI

Laboratoire de Chimie Macromoldculaire et Papeti~re, Ecole Franfaise de Papeterie (INPG), BP 65,

38402 Saint Martin d'H~res cedex, France.

INTRODUCTION

The use of macromolecular materials as elecirolytes for solid-state batteries was envisaged

over a decade ago (1,2). The underlying features sought for these polymers were : good solvating

power vis-A-vis the cations (which of course implies a reasonable solubility of the salt into the
macromolecular system), an essentially cationic charge transport leading to conductivity as high as

possible and adequate electrochemical stability.

Linear polyethers were first studied and conductivities of around 105 S.cm - I obtained at

room temperatures with various salts.
Since then many laboratories have been tackling these problems with different materials and

working hypotheses. Three major drawbacks were soon encountered, viz. (i) crystallization of part

of the polymer (high DP) which relegates ionic mobility to the remaining amorphous regions ; (ii)
lack of dimensional stability due to creep particularly at the higher temperatures ; (iii) cationic

transport numbers much lower-than unity.

The approach chosen in our laboratory (3-6) called upon the basic premise that crosslinking

the polyether chains would minimize crystallization and eliminate creep. As for the third

drawback, ionomeric networks with anions fixed on the chains were envisaged.

This lecture will outline the results obtained with networks containing either a dissolved salt

or an attached ionisable moiety. From this detailed study conclusions will be proposed concerning

molecular-scale models of ion-chain interactions, the origin and mode of ionic transport and the

electrochemical performances of some of these materials.

NETWORKS WITH ADDED SALT

The materials tested were essentially polyethers crosslinked by isocyanates atd filled with

various salts (mostly alkali-metal salts of strong acids). A wide variety of networks were prepired

from different polyethers (chemical structure, linear, branched, homo- and co-polymers, DP) using

different di- and tri-isocyanates and working at different synthesis concentrations.
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Specific Volume

Quantitative relationships were obtained as a function of crosslink density and salt

concentration, with particular emphasis on systems based on polyethylene oxide (PEO) and contai-

ning LiCIO4 . The results clearly indicated the occurrence of important interactions between the salt

and the polymer chains suggesting a physicochemical association resembling (reversible, dynamic)

crosslinking.

Glass-Transition Temperature

Two sets of measurements of Tg were conducted for each system, viz., the effect of

crosslink density with salt-less networks and the effect of salt concentration with networks of a

given crosslink density. Again the results obtained suggest physico-chemical crosslinking induced

by the added salt. It seems reasonable to postulate that the cation forms a complex with the oxygen

atoms of the ether functions. Thus, in the specific instance of a PEO network containing LiCIO4 ,

it was found that three Li+ have the same stiffening effect as one urethane crosslink.

SweIlin

Here too, both salt-less and charged networks were examined. Moreover, liquids of

different polarity were used to swell the materials. Again most quantitative information was
gathered with PEO-based networks and LiCIO4 as salt. It was found that with non-polar liquids

the same relationships applied to salt-less and salt-containing networks if the specific effect on Tg

(see above) was used as normalising factor. With more polar swelling agents the ion-chain
interactions tented to fade away. These results confirmed the existence of strong polar complexes

between cations (free or as multiplets) and ether groups on the polymer chains held between

urethane crosslinks.

Transverse Nuclear Magnetic Relaxation

This technique, applied to the IH nuclei of the polymer chains, confirmed the binding role

of the ionic moieties from the added salt. Indeed, an increase in salt concentration resulted in a

change in response of the network indicating chain partitioning by physico-chemical crosslinking.

NMR Linewidthl

This parameter was studied with IH, 7Li and 19 F, viz. with nuclei belonging to the
polymer network, the cation and the anion (e.g. CF 3SO3-). The changes in linewidth with

temperature gave a very similar behaviour for the three nuclei and was typical of a free-volume
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situation. This strongly suggests that the segmental motions within the polymer chains induce the

synchronous participation of the ions situated in their vicinity.

Dynamic Mechanical Properties

All the networks tested, with and without salts, showed a typical WLF behaviour with

values of C, and C 2 at Tg independent of all variables studied. Moreover, these values were

practically the same as those calculated from the linewidth-vs-temperature experiments.

Ionic Conductivity

A large number of systems were tested in order to correlate the o-vs-T diagrams with the

variables defined above. Satisfgctory conductivities, namely > 10-5 S.cm " 1 at 25"C, were obtained

with many systems. All trends observed were adequately explained on the basis of free-volume

considerations. This implies that the ionic transport across the network under an electric field is

determined by segmental motions as described by the WLF equations.

The values of C, and C2 at Tg were again very close to those obtained by the two previous

techniques.

Transort Numbers

It was found that the fractional cationic contribution to the overall conductivity, t+, was

systematically well below unity, sometimes close to zero and, with magnesium salts

= 0. This clearly shows that the interactions of the cations with the ether groubs are strong

enough to unbalance their mobility with respect to that of the anions and even to block it comple-

lely.

IONOMERIC NETWORKS

The results summarized above show that it is possible to eliminate the problems of

crystallisation and those related to creep and still obtain satisfactory levels of ionic conductivity by

a judicious crosslinking of the polyether chains.

However, the drawback linked to the low cationic transport numbers persisted, as was to be

expected.

We decided to prepare and test similar networks in which the ionic (or ionisable) functions

would be part of their structure, with the anions covalently bound to the chains and the cations

free to dissociate and migrate across the material.

These ionomers were synthetized with different structures, but mostly with phosphate and

thiophosphate groups attached to polyether-urethane networks.
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As expected, t+ became unity, but the actual value of the conductivity at room temperature

were lower than with salt + network systems and reached - 10
- 5 S.cm - I at about 100"C.

These ionomeric networks showed the same free-volume behaviour as that encountered with

networks filled with salts.

CONCLUSION

A model will be presented to attempt an explanation of all the major features observed in

this investigation. It involves the formation of quadrupoles around an intersection of two polyether

chains and the transfer of ions, through segmental motions, from one such structure to the next.

Also, an outline will be given of the electrochemical stability of some of these materials as

well as of their performance as electrolytes in battery set-up.

Finally, suggestions will be put forward concerning the preparation of better ionomeric

networks.

REFERENCES
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ELECTRODE KINETICS IN CELLS BASED ON

POLYMER ELECTROLYTES

Bruno Scrosati

Dipartimento di ChImica. UnlversitA di Roma

'La Sapienza', Roma, Italy

Complexes of poly(ethylene oxide), PEO. and lithium salts, have great promise as

advanced, solid-state polymer electrolytes for the development of high-energy lithium

batteries (1-3). This important perspective has prompted us to carry out a systematic

investigation of the characteristics of the electrode materials which appear to be the

most promising for the realization of this type of battery.

The kinetics of the lithium electrode in polymer electrolyte cells have been

examined by a.c. Impedance spectroscopy, by d.c. polarization curves and by cyclic

voltammetry. The results Indicate that the lithium metal electrode, even if basically

reversible, suffers from passivation Phenomena similar to those observed In organic

liquid electrolytes (4). The characteristics of these passivatpn effects, as well as

their Influence on the cyclability of the lithium electrode in rechargeable polymer

electrolyte batteries are examined and discussed.

The properties of the electrochemical processes of typical positive electrodes,

such as intercalation transition metal sulphides and oxides, have been examined by

voltage-composition curves and by cyclic voltammetry. Very promising behaviour is

shown by the LliixV308 electrode material. The basic structural elements of this

bronze are octahedra and trigonal bypyramids which are arranged to form puckered

layers with the Li* Ions situated in between, occupying octahedral sites (5). The unit

cell comprises six empty tetrahedral sites where excess of lithium may be accomodated

with excellent structure retention. This allows good reversibilitv of the lithium

intercalation-deintercalation process, with a maximum uptake of about I eQ/mol.

This highly reversible behaviour has been practically confirmed by repetitive

cyclic voltammetry in various polymer electrolyte media.



Furthermore, considering that Polymer electrolytes with conduction by other ions

than lithium may be of great importance in electronic technology, the kinetics of Copper

electrodes in a new family of polymer electrolytes have also been investigated.

Results (6) based on a.c. impedance spectroscopy and d.c. polarization curves indicate

that the copper Polymer systems may eventually find Practical applications.

Finally, new concepts of fully -polymer Ic, thin-film batteries have been explored

by examining the kinetics of Interfaces formed by PEO-based electrolytes and

electronically cunducting polymers (e.g. polypyrrole) as electrodes. Preliminary results

(71 indicite that this type of cell may operate satisfactorily at low rates and at

moderately high temperatures.
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IONIC CONDUCTION IN POLYOXYETHYLENE RELATE' SYSTEMS
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INTRODUCTION

The research to be reported stemmed initially from the pioneering work of• 1,2 3nakl ea

Wright and co-workers , and Armand and co-workers
3 
on alkali metal

salt-polyethylene oxide (PEO) complexes. Because of our interaction with

those interested in the construction of solid-state batteries, the efforts

have been concentrated on lithium salts. In general terms two areas were

identified for detailed study

(1) The elimination or reduction of the mobility of the anion

(2) A substantial improvement of the overall Ionic conductivity.

In pursuit of these objectives, the following aspects were examined, and

will be described in sequence

(I) The effect of salt composition on the ionic conductivity, in particular

preparing salts with highly polarisable groups such as fluorine and sulphur.

In the first instance salts of monobasic acids were examined with the aim of

obtaining high conductivity, but secondly, with the target of inhibiting the

mobility of the anion, a lithium salt of a dibasic acid was also included.

(2) To examine the effect of complete immobility of the anion, blends of

poly(ethylene oxide) with lithium salts of anionic polymers were prepared.

(3) To obtain high ionic conductivity over a wide temperature range,

amorphous poly(methoxy polyethylene glycol monomethacrylates) (PEN) were

prepared and complexed with lithium trifluoromethane sulphonate CF3SO3Li.

These comb polymers offer an important new range of tonically conducting

polymers.

RESULTS AND DISCUSSION

(1) Comparison of different salt complexes
4

First, results are shown in Figure I for PEO complexes with lithium

trifluoroacetate CF3 COOLi and lithium trifluoromethane sulphonate CF3SO3Li.

In each case a range of salt concentrAtiona was examined, specified by the

ratio of the number of moles of oxygen atoms In PFO to the number of moles of

Li -tons (designated as the 0/1.t
+ 

ratio). It can be seen that the

conductivity values for the PEO-CF 3 so3Li complexes are about an order of
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magnitude higher than those for the PEO-CF 3COOLi complexes. This has been

attributed to the greater stability of the trifluoromethane sulphonate anion

and a lower degree of ion-pairing, trifluoromethane sulphonic acid being

regarded as a very strong monobasic acid. It can be noted that all the

conductivity plots, with the exception of the PEO-CF3COOLi 
complex with O/LI+

- 4, show a knee at about 338K corresponding to the crystalline melting of

PEO.

Figure 2 shows conductivity results for complexes incorporating the

lithium salt of a dibasic acid, dilithium hexafluoroglutarate (LiHFG)

LiOOC(CF2)3C0OLi. Comparison with the results of Figure 1 shows that there

is a significantly lower value of ionic conductivity than the PEO-CF 3COOLI

complexes over the entire temperature range. This is believed to be partly

due to the imobilization of the anion in the salt complex formed from the

salt of the dibasic acid.

Comparative results were also obtained for the conductivity of PEO

complexes with CF 3COOLi, CF3CF2COOLi and CF 3CF 2CF2COOLt all with O/Li - 9.

A systematic decrease in conductivity with increase in anion size was

observed.

(2) Polymer blends
4

To obtain a low degree of ion-pairing and hence produce polymer blends

with relatively high Li+-ion conductivity, salts of anionic polymers derived

from strongly acidic polymers were synthesised. The two systems examined were

poly(2-oulphoethyl methacrylate-Li salt) (PSEN-Li) and

poly(2-(4-carboxyhexafluoro-butanoyl-oxy) ethyl methacrylate-Li salt)

(?CHFEM-Li). Results were obtained for the PSE-Li/PEO blend with O/Li - 15

and the PCHFDI-Li/PEO blend with O/Li - 18. A knee in the conductivity

curve was again observed near 338K which corresponds to the melting of the

crystalline PEO. The anionic polymer-Li salts will form part of the

amorphous phase. The conductivity of the PCHFEM-Li/PEO blend is an order of

magnitude greater than that of the PSEM-Li/PEO blend at the same temperature,

which may be attributed to the different stabilities of the anions. The

conductivities for the PCHFEM-Li/PEO blend are similar to those for the PEO-Li

HFG complex but both are somewhat lower than those for the monobasic acid with

similar anion stability and identical LI+-Ion concentration. This result is

consistent with the immobilization of the anion in the blend and in the

complex from the salt of the dibasic acid.

(3) Comb-like polymers
5
'
6

Recognizing that increased ionic conductivity requires a high amorphous

content (note the knee in the conductivity curves observed at the melting

point of the crystalline PEO phase) it was decided to examine the behaviour of
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amorphous Li-salt complexes. The polymers chosen were poly(methoxy

polyethylene glycol mohomethacrylates)

CH3

(-CH2-C-) with n-9 and 22 for PEM 9

C and PEN 22 respectively
0 0 (CICN O) CH

Results for comple eslofnthise comb polymers with LISO3CF3 (found above to

give the highest levels of conductivity in the PEO complexes) are shown in

Figure 3. As expected, the knee in the conductivity curve is absent for these

amorphous polymers, and the results compare very favourably with the

comparable PEO complex (O/Li - 18 in all cases). It is of particular

importance that these comb polymers show conductivities in the range.

10--107
5
S ca

-
1 at room temperature.

In further work, the influence on the conductivity of increasing the main

chain mobility was explored, by obtaining results for polysiloxane comb

polymers, complexed with lithium perchlorate LICIO 4. The polymers are

liquids at room temperature but rubbery films can readily be produced by

crosslinking. The conductivity results for these systems were similar to

those for other fully amorphous poly(ethylene glycol) systems, and showed

conductivity values - 10
-4 

S cm
- 

at room temperature. Figure 4 shows

conductivity plots for two cross-linked films of the elloxane polymers

complexed with LiSO 3CF Very satisfactory values for the conductivity are

obtained. For comparative purposes we also prepared lightly cross-linked

analogues with the methacrylate backbone polymer. Thcse latter films showed

conductivittes - 1075S cm
- 1 

at room temperature 298K and were more thermally

stable than the siloxane comb polymers.

CONCLUSIONS

To obtain the most highly conducting polymer electrolytes from polymers

containing the oxyethylene repeat unit several key factors have been

identified. First, it is desirable to use a wholly amorphous polymer.

Secondly it is desirable to retain as much molecular mobility as possible. It

has been shown that comb polymers with oxyethylene oligomers as the teeth and

methacrylate, acrylate or siloxane backbones satisfy these requirements.

Finally, the choice of complexing salt also has to be optimised. Good

results have been obtained with lithium trifluoromethane sulphonate.
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Ionic Conduction of Polymer Electrolytes and Future Applications

Masayoshi Watanabe
Department of Chemistry, Sophia University

Chiyoda-ku, Tokyo 102, Japan

Rubbery state is characteristic of macromolecules. In rubbery
state, polymer segments are locally mobile (micro-Brownian motion)

like a liquid, whereas long range motion of molecules (macro-Brown-

ian motion) is prohibited by cross-linking structures, such as
existence of crystallites and chemically produced network struc-
tures. Thus, polymeric materials having physically or chemically

cross-linked structures behave like elastic or plastic solids even

in rubbery state (above T ). Certain kinds of polar polymers can

dissolve inorganic salts up to a high concentration. In these

solid solutions, a part of the dissolved salt is expected to disso-

ciate to ions, as so in liquid electrolyte solutions. Polymer

electrolytes with high ionic conductivity, ever obtained, have

amorphous and rubbery phases with dissolved salts, and the ionic

condution in these phases is p edominant. We summarize here the

correlation between stLucture of polymer electrolytes and their

ionic conductivity in terms of carrier transport and generation

processes. Our recent study on the application of polymer electro-

lytes is also presented.

Low molecular weight poly(propylene oxide) (PPO) (M.W.=0 -103)

is a liquid polymer at room temperature and can dissolve alkali

metal salts to form viscous electrolyte solutions. Room temerature

ionic conductivity of the electrolyte solutions was 10 6 -10 5 Scm-. I1

In the electrolyte solutions, both micro- and macro-Brownian motion

of the polymer chain are permitted. If the micro-Brownian motion

mediates the transport of ions, solid polymer electrolytes shoud be

obtained. The ionic conductivity of PPO network polymers 2 ) and PPO

block copolymers 3)containing alkali metal salts reached 10-7-I0
- 6

Scm - 1 . This conductivity was comparable to that of the electrolyte

solutions, although in these polymer electrolytes the macro-Brown-

ian motion was frozen. Thus, micro-Brownian motion of polymer

segments is primarily the motive force of ionic transport in polymer

electrolytes.

The dielectric relaxation time for the backbone motion of PPO
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and poly(ehtylene oxide) (PEO), which are typical media for polymer

electrolytes, is 10- 9-0-8s at room temperature, and its temperature

dependence is known to obey the WLP equation. How small ions mi-

grate in these rubbery media is an interesting problem. The temper-

ature dependence of ionic conductivity of amorphous polymer electro-

lytes also obeys the WLF equation. The change in the conductivity

with temperature was similar to that in the dielectric or mechanic-
al relaxation time of backbone motion for the PPO electrolytes, when

T was used as a reference temperature.4 ) In the PPO electrolytesg
crosslinked by an azobenzene derivative, the average hole size re-

quired to migrate carrier ions was larger than that required for the

thermal cis-trans isomerization of the azo-probes. 5) Fig.l shows

the WLF plots of ionic conductivity for amorphous PEO networks con-

taining 11 different alkali metal salts at the same concentration.
6 )

Although the conductivity at a constant temperature differed at most

by two orders of magnitude, the WLF plots were represented by one

master curve irrespective of the salt species. These results imply

that ionic migration does not occur by itself but that the segmental

motion with associated carrier ions causes the ionic migration.

The moving unit of polymer backbone with associated carrier ions is

correlated with that involved in the relaxation process. Since its

size is far larger than the volume of naked ions and is nearly

constant, independent of the ionic radii, the above phenomena are

observed.

Carrier ions in polymer electrolytes, thus, exist as solvated.

ions by polar groups of polymers. _

The polymer segments with asso-

ciated ions constantly rearrange * _&

because the polymer electrolytes oCI

are in rubbery state. This re- -0 U

arrangement changes the local
position of the carrier ions.

The solvation of the other

segments do:,inates sometime after ,' ,

the change in the local position , ,

of the carrier ions, ane the ,,"l

segmental motion causes again the Lf
ionic migration. The repetition Lut

U
of the association of the carrier 0 '0 40 W W 0

(T-T.)IK

ions to the polymer segments, the
FIgure I WLF plots of Ionic conductivity for PEO-.lkd awisegmental motion with associated Wt complem" uOsingarefence wretu oT (r, +50'C).
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ions, and the dissociation from the polymer segments seems to cause

the ionic transport in polymer electrolytes. The segmental motion

with associated carrier ions is the rate-determining-step for the

ionic conduction. The WLF profile of the ionic conductivity with

large temperature dependence for transporting small ions is, thus,

observed. The ionic mobility in the PPO and PEO network electro-
lytes was roughly found to be ca. 10- cm2V-1s - I at room tempera-

ture 7 ) by means of the transient ionic current methods.
8 |

The ionic conductivity of polymer electrolytes is affected not

only by the ionic mobility but also by the number carrier idns.

The carrier number is influenced by the incorporated salt species,

its concentration, temperature, and polymer structure. The ionic

conductivity for the PEO6 ) and PPO 2 ) electrolytes of a constant
salt concentration decreased in accordance with the increase in the

lattice energies of incorporated salts, when it was compared at the

iso-free-volume state. At this state, the increase in the ionic

conductivity of the PEO network electrolytes as a function of a

salt concentration was smaller than that expected by the complete
dissociation.9 ) These results support the conclusion that all of

the incorporated salts do not function as carrier ions, and the

ion dissociation is suppressed with increasing the lattice energies
and concentration of salts. In contrast, the increase in the con-

ductivity of the PPO electrolytes with the salt concentration was
larger than that expected by the complete dissociation. This
might be due to the fact that the change in the carrier number with

temperature was small in the PEO electrolytes, while that in the

PPO electrolytes was not negligible.
7 )

For the ion dissociation in polymeric media, solvation of an

ion with polar groups in the polymers may be an essential process.

There are two possible processes for the solvation in polymeric
media; one is the solvation by intrapolymer polar groups and the

other is that by interpolymer polar groups. "The former process may

involve the cooperative interaction of the neighboring polar groups

with an ion. When the ionic conductivity of amorphous PEO and PPO

electrolytes was compared, the conductivity of the PEO electrolytes

was 5-10 times higher than that of the PPO electrolytes, whereas Tg

ot the ionic mobility of both electrolytes did not differ apprecia-
bly one to the other. 7) The ionic dissociation was, thus, suppress-

ed in the PPO electrolytes. Similar results were obtained in

aliphatic polyester electrolytes; the ion dissociation was suppress-

ed in poly(ethylene sebacate), compared with that in poly (ethylene
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succinate). 0) We consider M" . py

that the cooperative inter- X

groups with an ion is more M LX M" PY

important for the carrier

generation in polymeric

media. M M

A unique and inter- x E -e

esting property of polymer II
electrolytes, which is not Uzi

attained by inorganic solid Fig. 2 Schematic view for electrochemical poly-
merization of pyrrole using ion-conducting poly-.

electrolytes, may be the mers as a solid electrolyte.

ability to include various

kinds of electroactive molelules in them. The combination of this

property with their high ionic conductivity will anable us to use

polymer electrolytes as media for electrochemical reactions of

electroactive molecules, as we use electrolyte solutions for this

purpose. Fig.2 shows schematic view for the electrochemical polymer-

ization of pyrrole using a polymer electrolyte. The electrochemical

polymerization produced polypyrrole/polymer electrolyte bilayer

composites in situ.11) The bilayer composites showed electrochem-

ical activity in solid state. When redox active molecules, such as

ferrocene, were incorporated in polymer electrolytes, the molecules

underwent redox reactions in response to the potential of a elec-

trode. The future application of polymer electrolytes will open in

the fields; they are used as a medium of ions and molecules which

response to electrode potentials.
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ASPECTS OF SOME CRYSTALLINE COMPLEXES OF

POLY(ETHYLENE OXIDE) WITH ALKALI IONS

P.V. Wright

Dept. of Ceramics, Glasses and Polymers

University of Sheffield
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Sheffield, SIO 2TZ, U.K.

ABSTRACT

Poly(ethylene oxide) (PEO) has become well-known as a medium

for ionic conduction of inorganic alkali ion salts. This process

takes place predominately through the amorphous regions of the

PEO-alkali salt complexes.

However, PEO alkali ion complexes may be highly organised and

we have recently begun to explore the possibilities of using PEO

to carry structured arrays of electroactive or optically active

species including those which incorporate aromatic rings. Such

structural infortation that is presently available'' 3 ' suggests

that PEO-Na + and PEO-Li + crystalline phases have stoichiometries

of 3 mol of EO unit per I mol of cation and two molecular units of

complex extend over the fibre repeat distances which range from

7.21 to 8.4R. Thus, the positive centres may be distributed along

the chain with adjustable spacing ca.3.6R - 4.2R that should com-

fortably accomodate stacks of charged aromatic rings. Accordingly,

complexes of PEO with a variety of organic acid salts and charge

transfer salts have been prepared''5 ". The former display

lyotropic and thermotropic behaviour while the latter form flexible,

electronically conducting films. The preparation, structure and

properties of these materials will be discussed.
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RECENT RESULTS ON A 10 Wh CELL BASED ON PEO-LiCIO4
ELECTROLYTE AND PRELIMINARY DATA ON NEW SALT-POLYMER

COMBINATION FOR IMPROVED PERFORMANCES.

A. B61anger. N. Gauthier. N. Duval, B. Kapfer,
N. Robitaille, Y. Gigu6re, R. Bellemare

Institut do recherche d'Hydro-Qudbec (IREQ)
1800 Hont6e Ste-Julie

Varennes, Qudbec, Canada. JOL 2C0

INTRODUCTION

The ACEP project (Accumulateurs & Electrolyte Polymbre) has been going on at
IREQ since the early eighties following an original approach suggested by M.
Armand of the University of Grenoble, France (1).
These all solid-state batteries use polymer electrolytes made of chain having
functional groups that can easily dissolve the lithium salts and confer pure
ionic (ideally cationic) conductivity on the electrolyte. Polyether is by far
the best known family of polymers that have been tested for battery
applications.
Over the years many improvements have been made in the polyether-based
electrolytes, both from the point of view of the polymer chain itself and the
type and nature of salts dissolved in the polymer network.
The following results on the 10 Wh demo-cells reveal in practical terms the
limits of a particular choice of components and their physical arrangements.
Some new results obtained for mid-temperature applications (60 C) will be
presented as a demonstration of improved performance associated with the

electrolyte and the optimization of lithium electrodes.

10 Wh DEMO-CELL AT 100
0
C

The first results on a 10 Wh demo-cell were presented in Kyoto, Japan during the
"Third International Meeting on Lithium Batteries" in May 1986 (2).
The cell consists of twelve (12) groups of 4xbi-cells staciced into a prismatic
stainless steel casing on which individual feedthrough connectors were provided.
The assembly of the cells was achieved by hot-pressing together the cell
components. Preliminary results showed that no scale effect was encountered
going from 4 cmi laboratory cells to the 4800 cm

2 
demo-cell. Some parallel and

series behavior cases were also briefly described.
In the present paper, we describe in more details the follow-up of the cycling
of this demo-cell. Figure 1 shows the cycling profile of one group of 4xbi-cells
as recorded over a period exceeding a year. As shown. cycling was performed at
different discharge rates (C/100 to C/1) at 95

0
C in various series and parallel

configurations. An "aging" prqcess started after the demo-cell was tested in
series arrangement (c.a.-150 tn cycle) that affected the power characteristics
of the whole cell. Nevertheless, cycling was resumed and followed by a six-month
period of complete inactivity at 95

0
C. No self-discharge was noticed during this

rest period: open circuit voltages (OCV) starting at 2.56 ±.02 V and ending at
an average of 2.52 ±.02 V.
Afterwards, for an all-parallel configuration, the total capacity of the demo-
cell was still available but at low discharge rates (C/100).



SERIES CYCLING

The importance of cell equalization became obvious when series cycling tests
were performed on the demo-cell. At that time, the reproductibility of the
positive electrode surface capacity was of the order of ± 50 (doctor blade
slurry technique) which proved to be quite insufficient for continuous series
cycling.
Cells were linked two by two in parallel and then in series of three as shown in
Figure 2. The figure shows the discharge curves at C/4 for individual groups of
the series along with the total series (right scale). Rapidly, because of
unbalanced capacities:

group 1- 2548 C for U- 75.0 1
group 2- 2491 C for U- 73.9 1 starting capacities
group 3- 2448 C for U- 72.4 1 I

and for an overall inverting voltage of 4.5 V for the dischaje state, the
groups do not invert at the same individual voltages. From the 4 tU cycle:

group 1 group 2 group 3
cyc.#4 1.75 V 1.48 V 1.30 V.
cyc.#5 1.75 V 1.52 V 1.18 V.
cyc.#6 1.80 V 1.62 V 1.08 V.

The last value of 1.08 V is much too low for the positive electrode and causes
some degradation of the material. While the weaker link of the series becomes
over-polarized, the ewo other groups reach voltages that correspond only to
shallow discharges. As the cycling progresses things get worse since the
performances of the weaker cell continue to decrease.
However, series cycling proved to be quite viable if good cell balancing is
achieved during electrode preparation processes. For example, when cells have
positive electrode capacities that do not spread over by more than 1 %, we have
reached more than 40 cycles without experiencing any deteriorous single cell
overvoltages.

THERMAL MAAGMENT INFORMATION

For high power applications, e.g. traction type batteries for E.V. applications,
the understanding of heat effects assumes a particular importance. As a matter
of fact, the mechanism of heat generation inside the battery during cycling and
the way heat way be dissipated need to be well understood in order to prevent
any temperature excursions that would otherwise damage the whole cell. It is
essential, for example, that nowhere in the cell the melt temperature of the
electrolyte be reached and cause swelling of the various constituents. In the
same way, for kinetic reasons, the higher the temperature, the more severe the
degradation of components and the corrosion problems involving current
collectors..
To get a first glance of heat effects inside ACEP type batteries, we have
introduced three small thermocouples distributed in-between the 12 groups of
4xbi-cells along the middle axis. The outputs of these thermocouples were
recorded simultaneously along with cell data during cycling. Figure 3 shows
a typical temperature profile encountered during a 2 A (C/1) discharge cycle.
The temperature increases given in Figure 3 demonstrate that in most
probable situations even at very high discharge rates there would not be any
serious damage to the cell due to temperature excursions for this particular
configuration.

LITHIUM CYCLING AND OPTIMIZATIOH

The lithium foil used in the construction of practical cells has to be optimized
for many reasons: first, the battery grade lithium is an expensive material and
its consumption must be kept as low as possible. It is also difficult to produce



8.3 at very thin levels, i.e. at less than 100 microns where lamination takes over
the direct extrusion processes. The other factor relates to the fact that any
excess of lithium represents an important penalty particularly as to the volume
energy content. For example, for a positive electrode having a 5 C/cm7 surface
capacity, only 8 microns of lithium are stoichiometrically needed; thus using a
150 microns commercial lithium would represent an important waste of costly
material.
in th present studies, two types of lithium were tested:

thin lithium foil supported on a metallic current collector
- unsupported lithium foil for use in bi-cells.

The tests were performed on small cells of 4 cm
2 

areas. The data on lithium
performances was characterized by F.O.M. values which are given by:

# cycles x average capacity
F.O.K.-

available lithium

Different lithium excesses were calculated depending on positive electrode
capacity and lithium thickness. Lithium was further laminated in laboratory from
readily available commercial battery grade lithium.( Foote or Lithcoa).
For bi-cells using unsupported lithium, F.O.K. of 50 have been obtained ( with 3
excesses) at around the 170 th cycle.
For copper supported lithium, F.O.K. of nearly 100 were reached for a 2 excesses
Li foil (13 microns) at the 320 th cycle.
The electrolytes used were modified PEO-based polymers and LIC104 in a 20:1
ratio. The cells were cycled at 60

0
C a C/4 discharge rate and C/8 charge regime.

Deep discharges were achieved in each cycle at voltage limits of 1.5 to 3.3
volts.

IMPROVED ELECTROLYTES FOR BETTER CELL PERFORMANCES.

High temperature studies (IOO°C) have shown that POE-based electrolytes suffer
two major problems which are:

a) Low material utilizations and lithium dendrite growth when the positive
surface capacities exceed 8 to 10 C/cm

2 .

b) Inefficient lithium rechergeability and dendrite growth when cells are
operated at temperatures lower than 70

0
C.

These particular limitations are to be imputable to the high crystallinity
content of many POE-based electrolytes and to their relatively poor adhesive
properties which hinder the formation of good interfaces. Many of these
disadvantages have been solved in part or totally by modifications to the
polymer and to the lithium salts. A good example of this is shown in Figure 4 in
which a modified POE-based electrolyte has been used in cycling a VOx/Li cell at
96

0
C. High and stable utilizations are obtained with this electrolyte for over

150 cycles.
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A POLYMERIC ELECTROLYTE RECHARGEABLE

LITHIUM BATTERY

F. Bonino. H. Ottaviani. A. Selvaggi and B. Scrosati

Dipartimento di Chimica. UniversitA di Roma

'La Sapienza',. Roma, Italy.

Complexes of poly(ethylene oxide), PEO, and lithium salts (e.g. LiCF 3SO3 or

LiCIO4 ) are oromising materials as advanced, solid-state polymeric electrolytes for

the development of high-energy, lithium batteries (1-4).

In this work we describe the characteristics and the performance of one type of

such battery, based on the Li/Li I+ ,V 308 electrodic couple.

Figure I shows the potential composition curve of LitixV3 08 obtained at 100 0 C

by intercalation (discharge) and deintercalation (charge) galvanostatic steps in a cell

using the (PEO)9LiCF 3SO3 electrolyte. A single-phase behaviour, typical of

solid-solution formation. LS only visible up to an x value of about 1.5. At higher Li4

content, a structural rearrangement of the vanadium bronze takes place; a new phase

appears which Is in equilibrium with that corresponding to the upper limit of the solid

solution (5-7) and thus the potential tends to remain constant as it is typical of a

two-phase region. Detailed x-ray analysis (5-7) has shown that these changes in

structure are highly reversible and thus the vanadium bronze electrode can be

repeatedly cycled over a composition range of O(x<3. This Is confirmed by the matching

between the Potential values obtained in discharge and those found in recharge (Figure

1).

Figure 2 shows the cycling behavtour of a lithium-vanadium bronze battery using

the (PEO)eLiClO 4 electrolyte. The capacity decline witn cycle number has a trend otten

observed in polymer electrolyte batteries, as tVoicaliv reported with systems usir,..

the V601c cathode material (8-9) and the same Li,.. ' -.0 n'aterial assfmo'eo ano

tested in another laboratory (9). This trend is not cnnreten ksith at, rre,'Pr lrl

alterations of the structure of the Li1 :.V 011. %.3qdlUrv bron:-p out r.t-", 'lt ,

macroscopic factors, such as deformations and ,'onta,-t frPse. ii'" j(_'



1.2

design is therefore critical in this cell and probably in the generality of polymer

electrolyte systems.
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POLY(ETHLYLE NE OXIDE)-Cu(CF 3SO3)2

POLYMER ELECTROLYTE

F. Bonino. S. Pantalont. S. Passerini and B. Scrosati

Dipartimento di Chimica, UniversitA di Roma 'La Sapienza'. Roma, Italy.

A continously growing interest is devoted to polymer electrolytes because of

their specific advantages, such as Plasticity and ease of preparation in the form of

thin films. The majority of the studies have been so far focussed on complexes between

poly(ethylene oxide), PEO. and lithium salts, which may find application as polymer

electrolytes in versatile.-hlgh-energy batteries.

However. ionically conducting polymers appear now to be of importance not only

in the battery field but also, and perhaps even more specifically, in electrochemical

displays and sensors. For this type of application, the use of polymer complexes based

on salts of metals less reactive than lithium may be advantageous. Considering that

the above devices are generally directed to the consumer market, electrolytes based on

*:ommon. low-cost metal ions would be highly desirable.

Here we describe the characteristics of new copper polymer electrolyes formed

by the combination of poly(ethylene oxide) and copper trifuoromethandsuitonate,

(PEO)xCu(CF 3SO3)2. at various molar ratios of salt to polymer repeat unit.

Figure I shows that the conductivity of a typical example of these electrofytes.

i.e. the (PEO)9 Cu(CF 3SO3)21 complex, has a reproducible behaviour in the heating and

cooling run. with a curvature which is typical of amorphons PEO-based conductors. It is

worth noting that the total conductivity of the complex is quite high, reaching values

of the order of 10-4 (ohm cm)-I around 1000C.

By d.c. measurements under blocking conditions, the electronic ,ontrioution to

the total conductivity has been evaluated and also reported in Fiqure 1. The ditteren,.,

between the total and the electronic conductivity, which may be :onsidered as the Pure

ionic conductivity of the polymer electrolyte, increases as ternnerature ir:reasps. rr

become greater than two orders of magnitude at about l1')(C:.
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Finally. d... rIn!,ir 1.at lo .tudwes Suqqest that copper lono are the malrf Irin].

Carriers and thus that the (PEO)CuJCF-,SO.) 2 , .omoexes may indeed Considere,1 as newJ

polymer copper ion conductors.

immi mii i i m mm i i I I IlI mmm m mm iimi mm 6.
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RADIOTRACER SELF-DIFFUSION MEASUREMENTS IN POLYETHYLENE OXIDE
AND POLYPROPYLENE OXIDE ELECTROLYTES

C. Bridges, A.V. Chadwick
University Chemical Laboratory

University of Kent at Canterbury
Canterbury, Kent CT2 7NH, U.K.

M.R. Worboys
Marconi Research Centre

Great Baddow
Chelmsford, Essex CM2 8HiN, J.K.

INTRODUCTION

Since the early work [1,2] on the polymer electrolytes formed between

polyethylene oxide (PEO) and alkali r. tal salts (MX) experimental investiga-

tions of ion transport have ,predominantly utilized electrical condictivity

measurements. Recently. -direct studies of the diffusion of ions in these

materials have been reported [3) using radiotracer or nuclear magnetic

resonance techniques. Most of Lhe work has centred on MX.PEO complexes and a

major conclusion is that both cations and anions are mobile in these materials.

In this contribution we will report the results of radiotracer diffusion

measurements for the tons -in complexes between NaSCN and PEO and between NaSCN

and r)lypropylene oxide (PPO). The objective of the work is to establish the

transport number of the tons and to obtain Information on the diffusion

mechanism by correlating diffusion, D, and ionic conductivity, 0, results.

In a tracer experiment the labelled ions are distinguishable and

correlations between successive diffusive steps must be considered. Thus the
*

tracer diffusion coefficient, D % !s related to the 'random" D via

D - fD (I)

where f is the correlation factor. The magnitude of f contains information on

the diffusion mechanism [4i and can be determined experimentally from

measurement of a and D I.e. from

D kT

We have reported [5) 
22

Na* and S
14

CN
- 
diffusion in NaSCN.PEO8 and we will

present new results for NaSCN.PEOX with x - b and 12. Complexes of alkali

metal salts with PPO are amorphous at all temperatures. We have made the first

direct diffusion measurements In PPO complexes and will prpsent 
22

Na+ and

SIICN
-

diffusion measurements in NaSCN.PP08 .



EXPERIMENTAL

PEO (molecular weight 5 x 106) was obtained from BDH Ltd. The PPO was

obtained from Hercules Incorporated in the form of PAREL 58 elastomer. Films of

NaSCN.PEOx were prepared by casting from a solution of the components in

acetonitrile or methanol (BDH Analar grades). In order to obtain samples thick

enough for diffusion studies (-3 mm thick) the casting procedure had to be

repeated several times. Films of NaSCN.PPO8 were prepared in a similar manner.

However, an improved method of preparing diffusion samples of this material was

developed which involved pressing small pieces of pre-cast film in a Teflon die

at 4OOK under vacuum. The conductivity of cast and pressed films were the

same.

Diffusion samples (5 to 15 mm diameter x -3 mm thick) were affixed to

stainless steel mounts with epoxy resin. The top surfaces were microtomed flat

and radiotracers, 
22

Na and SII4CN (Amersham Ltd), were applied by painting on a

solution of the salt in an organic solvent. The diffusion couples were

annealed under vacuum for known times at fixed temperatues. After the anneal

thin sections, 20"or 401jm, were microtomed from the surface and the activity in

each section assayed by liquid scintillation counting. The sectioning of the

PPO samples was performed by cooling the samples on a specially developed

cold-stage for the microtome. Diffusion coefficients were evaluated from plots

of log(activity) versus (penetration depth)
2 

[5].

Additional conductivity measurements were taken with a Wayne-Kerr B221

bridge operated at 50kHz.

RESULTS

A detailed discussion of the diffusion profiles in NaSCN.PEO8 has already

been reported [5]. The profiles for all the NaSCN.PEOx were similar for all

compositions. The interest is in the high conductivity region above 34I0K and

the results in this region were fitted to the Arrhenius equation,

D* - o exp -Q/kT (3)

Here DO and Q are the pre-exponential factor and activation energy, respec-

tively. The results of those fits are given in Table 1. It is worth noting

that the SCN- ion is more mobile than the Na
+ 

ion at all temperatures and in

all samples. In addition, D* for each ion shows little dependence on

composition.
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Good profiles were obtained for 
22

Na and S"'CN diffusion in NaSCN.PPO8 and

the Arrhentus parameters are given in Table 1. In the temperature range

.9tudied I)' was virtually the sam- for both ions.

TABLE 1
Radiotracer Diffusion Data for NaSCN.PEOx and NaSCN.PP08 '

22
Na S1

4
CN

Do/m
2
s
-I  

Q/kJmol
-1  

Do/m2s
-I  

Q/kJmol
-1

NaSCN.PE06 T=340 to 430K 1.7 x 10-8 25±6 6.5 x 10
-7  

35±10

NaSCN.PEO8  " " " 7.7 x 10
-7  

36±2 1.0 x 10
-7  

29±5

NaSCN.PE0 12 " " " 8.0 x 10
-7  

36±3 2.3 x 10
-7  

30±5

NaSCN.PPO8 T=330 to 430K 1.6 x 10-2 75±5 1.3 x 10
-2  

7i±6

DISCUSSION

The objective of this work is to compare the diffusion and the conductiv-

ity in these materials. For the PEO films this is complicated by the fact that

the samples contain crystalline and amorphous regions. The values of D* only

reflect motion in the amorphous regions. The conductivity in the amorphous

region has been evaluated using the phase diagram determined from differential

scanning calorimeter measurements(6]. This was used to calculate a "conductiv-

ity" diffusion coefficient, D., via equation (1) using f - 1. In this

calculation N for the amorphous phase was also evaluated from the phase

diagram. Thus there are relatively large uncertainties in the calculation,

particularly for films with a high salt concentration. The comparison of Da
and the total D', DZ, (defined as D t - D a + DSCN), Dt,  = D + for NaSCN.PEOx, with =8

and 12 are shown in Figure 1. At the highest temperatures, in both systems,

is very close to D . suggesting f - 1. At lower temperatures Dt > Da and

there are two possible explanations. Firstly, the diffusion may contain a con-

tribution from the motion of uncharged species, e.g. ton pairs, which do not

contribute to a. Secondly, the discrepancy may reflect uncertainties in the

evaluation of D'. Unfortunately, the Smaller discrepancy in NaSCN.PEO8 fits

both explanations, although we tend to favour the latter of the two.

The fully amorphous nature of NaSCN.PPO8 makes for a simpler evaluation of

D and its comparison with Dt . The comparison is shown in Figure 2. In this
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case Dt > D., however, the discrepancy is only Just outside the experimental

error. The activation energies for the two measurements are virtually

identical.

-10

-III I 1

OD'K (Q) E
CE -10----------------

o~~ 01 -- 12

DO. (b)

2-6 03K 0 26 30
1103K/T10 3KAT

FIGURE 1 FIGURE 2

(a) NaSCN.PE01 2  (b) NaSCIH.PEO8  NaSCN.PPO8

[the error bars represent the error estimate on D ]
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Recent years have witnessed a growing interest in the

preparation and characterisation of solid polymer electrolytes

containing salts with divalent cations.1'2' 3 In some cases both

ions appear to be mobile while in others only one ionic species
4supports conduction. Divalent mercury compounds, eg. HgCl2 , have

been incorporated into a polymer matrix, however they exist as

discrete molecules within the polymer. To our knowledge ionic

mercury(II) salts have not been introduced into solid polymers.

Here we present some preliminary results on a new polymeric

electrolyte, Hg(CI0 4 )2 .: poly(ethylene oxide).

*On leave from The Institute of Physics, Warsaw Technical

University, Poland.
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Film Preparation

All operations were carried out in a high integrity argon

filled glove box. Films were prepared by solvent casting from

acetonitrile; the acetonitrile (Aldrich, 99%,gold label) was used

without further purification. Hg(ClO 4 )2 .3H20 (Alfa, > 99%) was

first dissolved in acetonitrile and the resulting solution dried

by adding.an excess of freshly activated molecular sieve.

Comparison of the IR spectra for this solution before and after

addition of the molecular sieve with that of pure, rigorously
dried, acetonitrile confirmed that the water of crystallisation

had been removed, at least within the resolution of the IR

technique. Poly(ethylene oxide)(BDH, m.wt. 5 million) was dried

at 500C under vacuum for 48 hours prior to use. Appropriate

quantities of this polymer were added to the mercury perchlorate

in acetonitrile after removing the molecular sieve, the resulting
solution was stirred continuously for 24 hours. Films were then
cast on a teflon plate or mercury surface, with the solvent being

allowed to evaporate slowly at room temperature.

Near-transparent films, typically 50-200 pm thick, were obtained
by this method. No evidence for the presence of acetonitrile or

H20 was observed in the infra-red spectra of these films.

Only one electrolyte composition, (PEO)20 Hg(C1O 4 )2 is

discussed in this abstract, results for additional compositions

will be presented at the conference.

Phase Identification

Powder X-ray diffraction patterns of the 20:1 electrolyte

indicated that the films were amorphous to X-rays. If crystals

do exist they must be of very small dimensions.

Electrical Characterisation

The polymer electrolyte conductivity was determined by ac
impedance measurements using a two electrode technique. The

electrolyte films was supported in a teflon bodied cell between
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two mercury filled reservoirs, each mercury pool was in turn in

contact with stainless steel cylinders that facilitated

electrical connection to the impedance equipment. The entire

cell was assembled within the glove box and inserted into a gas-

tight pyrex chamber with screened electrical breakthroughs; this

permitted removal of the cell from the glove box for subsequent

impedance measurements. Temperature control was achieved by

mounting the pyrex cell inside a non-inductively wound tube

furnace controlled to + loC.

xIUI,,I.............. ...

Fig. 1 Complex impedance plot for

the two electrode cell Hg/(PEO)20
Hg(C10 4 )2/Hg at 35

0 C. The

impedance has not been corrected

for the cell dimensions. I

a .*. ol

1 1 2 4 3 9 11

A.C. impedance data were collected using a Solartron 1250 and

1286 Electrochemical Interface. A typical complex impedance plot

is shown in Fig. 1; the semicircle at high frequencies is

associated with the bulk electrolyte impedance, the dc

conductivity may be estimated from the low frequency intercept on

the real axis. The low frequency spike is indicative of blocking

electrode behaviour, this suggests that the ionic conductivity is

largely due to the migration of perchlorate anions with the

mercury ions remaining essentially fixed in the polymer matrix.

The temperature dependence of the electrolyte conductivity is

shown in Fig. 2. On heating (data points indicated by crosses on

on Fig. 2) two regions are observed; at low temperatures



12.4

the plot is linear with an activation energy of 2.0 eV, at high

temperatures the plot appears to be curved, however more data

points are required to confirm this curvature. On cooling (open

boxes indicate those points obtained on cooling) significant

hysteresis is observed below the transition temperature, at these

lower temperatures the conductivity slowly falls to the value

observed on heating.

Lo sil '

o in (f-m)
-I.

Fig. 2 Log o against 1OO/T for

the 20:1 electrolyte, + = heating

cycle, 13=cooling cycle.

.

-4

-4.3 -
-Im

-S

Conclusions

A new polymer electrolyte Hg(C10 4 )2 : poly(ethylene oxide)

has been prepared and preliminary characterisation carried out.

Measurements suggest that the electrolyte is a perchlorate ion

conductor. The temperature dependent conductivity of the 20:1

composition exhibits a linear Arrhenius region at low

temperatures and is apparently curved at high temperatures.
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In viscoelastic film- of poly(ethylcne oxide) (PEO) and other polymer

solvents containing dissolved salts, such as IAiCIO4 , IiCNS and NaCNS, it is

now accepted that ion migration involves liquid-like motions of ions and

polymer segments [1,21. This viewpoint is consistent with the adherence of

transport properties (notably the conductivity) to the well-known Vogel-

Tamman-Fulcher equation where o = A exp[-B/(T - T 0) where T is the zero

mobility temperature (somewhat lower than T ) 131.

Outstanding questions concern: (i) the extent of ionic dissociation in

these polymer solvents, and (ii) the nature of mobile species (i.e. the share

of the total current carried by the anions and cations, respectively). To

address these issues we have investigated the behaviour of solutions of

li, Na and K thiocyanates in liquid polymers which are low molecular weight

(non-crystallisable) copolymers of ethylene oxide (EO) and propylene oxide

(PO) 14].

Fig. (I) shows the dependence of molar conductivity, A, on fe for

IiCNS, NaCNS and KCNS at SSC [5). There is a well defined pattern of

conductivity minima and maxima providing strong indications of ion association

and ion redissociation effects.

We account for these trends (and other observations, see below) in terms

of a very simple model, Fig. (2). The key features of this are:

(i) the strong intramolecular solvation of cations by oxygens in the polyether

chains, (ii) concentration dependent ion association, (iii) the relative

mobility of the anions, ani (iv) the ahilit' of these mobile ions to act as
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transient crosslinks through electrostatic interactions with ),i+ ions

solvated by neighbouring polymer chains.

We see in Fig. (2)(a) a situation where ion association effects predominate

at low concentrations, and the conductivity minimum is observed. In

Fig. (2)(b), we see redissociation occurring at higher concentrations. This

latter effect accounts, clearly, for the rise in A, but also for its subsequent

decline as "crosslinking" effects lead to reduced segmental mobility, and

ion drag iffects become more important.

This model has important (and largely discouraging) implications for the

operation of Li-polymer batteries at low (i.e. ambient) temperatures. It

implies that most of the current is carried by the anions, and that tLi+ is

very small.

This conclusion is confirmed by transport number determinations using the

classical Hittof technique with cells of the type:

1g(cathode) l NaCNS(catholyte) 1NaCNS INaCNS(anolyte)| Na amalgan(anode)

The value of tCNS- is determined by chemical analysis. Typically values of

tCNS_ are 0.90 or greater - consistent with the model proposed, and also some

literature values, e.g. ref. [6].

1. S. Druger, H.A. Ratner and A. Nitzan, Solid State lonics, 1983, 9/10, i115.

2. M. Watanabe, S. Nagano, K. Sanui and I. Ogata, Solid State Tonics,
1986, 18/19, 338.

3. M.H. Armand, J.M. Chabagno and J.II. Duclot in P. Vashista, J.N. Mundy
and G.K. Shenoy (Eds), Fast Ton Transport in Solids, Elsevier, Amsterdam,
1979, p.131.

4. G.G. Cameron, M.D. Ingram and G.A. Sorrie, J. Electroanal. Chem., 1986,
198, 205.

S. G.G. Cameron, M.D. Ingram and G.A. Sorrie, J. Chem. Soc., Faraday Trans.,
in press.

6. P.R. Sorensen, Electrochimica Acta 1982, 27, 1671.



133

KS(N

C-3

LiS(N T (

Of 02 03 04 0 15 0 6 01 00 09 10 11 12 13

Fi)... (1) Molair cmidkictivity A verstis ;-Ffor solutions of
IliSCN, N;tSC:N avid KSCN ill 1'0/1.0 coliolymer at 550C.

Fi.(2) Sul Vat lot il ii I qui pohIv'rs:

la oll pa ir format ioln ill dillute sollitionls,
(b) fled i ssoc iat imn effect mid t ratis i (,il cros, Ii ii Ilo iii i



14J

SOLID POLYMER ELECTROLYTES WITH STABLE ELECTROCHEMICAL PROPERTIES
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In a previous paper C1], we have described a composite

solid polymer electrolyte able to keep its electrochemical

properties upon a long term storage. In addition to the basic

polyethyleneoxide (PEO)-lithium salt system, our material includes

an elastomer poly(butadiene-co-acrylonitrile) and a styrenic

macromonomer of PEO (SEO). A thermal treatment of the whole

system causes a radical crosslinking process, which pins the

amprphous phase at low temperature. A primary battery with

Li/KnO electrodes was stored 1670 days with no change in the

resistance for the last 1400 days and keeping half of its initial

capacity.

This paper iS dealing with some data obtained from a.c

conductivity and W.A.X.S measurements in order to get a better

understanding of the effect of the macromonomer on the

electrochemichal properties.

The solid electrolytes were obtained by casting a

solution of the differents constituents (PEO, macromonomer,

elastomer and LiCF SO,) in acetonitrile. In the following, the

ratio PEO/SEO (w/w) will be used to reference the samples. Thoe
were then heated at 150 0 C during one night and then stored at room

temperature under an argon atmosphere.

The temperature dependence of the ionic conductivities

were obtained from ac impedance measurements over a frequency

range between 0.1 Hz and 65 kHz, using a 2020 button cell in which

the electrolyte was packed between either two Li or Ni electrodes

of the same diameter, with decreasing temperatures from 100*C to

room temperature.
X-ray diffraction was carried out by exposing the samples

to nickel-filtered CuKa radiation at ambiant temperature for 200

seconds. The intensity of the diffraction lines was plotted vs.

the diffraction angles 8 from 50 to 150.



14.2

Fig. I displays the temperature dependence of the conduc-

tivity for electrolytes having various macromonomer concentration
by using a cell with blocking electrodes (Ni). The same bulk

.3-

-4

5
'10 Fig 1. Temperature dependence of

o . 60 bulk conductivity for eletrolytes

-6 having various proportions of SEQ.

10

-7

0 IOOO/T

2.6 10 3.2 3.4

resistances were also obtained with cells having two non-blocking

Li electrodes allowing the measurements of both bulk and transfer
resistances. This behaviour can be described by an Arrhenius-type
relation valid for each of the two temperature ranges. The

conductivity was found to increase with the mecromonomer
proportion and a value of 10-0 S.cm-' at room temperature was

measured with the 40/60 electrolyte.

The activation energy Ea of the ion conduction mechanism
is a decreasing linear function of the macromonomer concentration

(except for the 80/20 electrolyte) from 2.1 to 0.5 eV for the
temperatures below the transition temperature between the two

segments. At higher temperatures, Ea is staying at a constant
value around 0.44 eV.

The discontinuity at the transition temperature for the
80/20 electrolyte has to be pointed out. Such a feature was
observed by Robitaille E21 with the PEO-LiCF3SO2 system in all the

composition range and the corresponding temperature was attributed

to the eutectic melting temperature. This electrolyte displays
also an important discontinuity when measuring the Ea values,

lower than the other ones.



1

14.3

Fig 2. Temperature dependence of

-n transfer resistivity for three

/ . kinds of electrolytes.4,"/
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The temperature dependence of the transfer resistances is

shown in Fig 2. Once again is underlined the difference between

the 80/20 electrolyte and the other ones. The two latter are

displaying almost the same values lower than the first one. It is

noteworthy that the three electrolytes cannot be described by a

VTF equation.

3

2 6
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Fig 3. Diffraction patterns of Fig 4. Intensity of various

PEO/elastomer.'SEO without (a) diffraction lines related to

and with (b) lithium salt. non-comple~ted (a) and

complexed (b) PEO.

I
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Fig.3 is showing two diffraction patterns, without and

with the lithium salt. The assignments of the diffraction lines

were made in reference to those of the PEO and iEO-LiCFPSO:,, as

described previously (2,31. The lines 3 nnd 6 (28 = 0.334 and

0.409 rad) were'attributed to the crystmllized PEO in i monoclinic

unit cell. The addition of the salt produced the new lines 1,2,4

and 5.

The measurements of the Bragg angle values at room

temperature show that the addition of the elast~mer and the

macromonomer does not alter the monoclinic unit cell of the

crystallized PEO (Fig 3a). As a consequence, the macromonomer

seems not, to make a solid solution with the crystallized PEC and

to be staying in the nmorphous phase. When auiing the salt, no

new diffraction lines appeareG, as compared to the diffraction.

pattern of the simple PEO-salt system. Nevertheless, the

intensity of the diffraction lines of the non-complexed

crystallized PEO is decreasing when adding the macromonomer while

those of the complexes are increasing (Fig.4). rhis result could
be explained by assuming first that the macromonomer acts as a

diluent of the PEO, restricting its crystallization and second

that the lithium salt is preferentially complexed with the

macromonomer ethoxy units giving small crystallites allowing sasy

exchange with the amorphous phase and then not d~sturbing too much

the conduction mechanism.
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AMINOSIL, A NEW ORGANOSILICATE GLASS

SOLID PROTONIC CONDUCTOR

Y. CHARBOUILLOT, C. POINSIGNON, D. RAVAINE, A. DOMARD
Laboratoire dlonique et Electrochimie du Solide
E.N.S.E.E.G., Domaine Universitaire, B.P. 75,

38402 Saint Martin-d'Hres (FRANCE)
*C.E.R.M.A. V., Domaine Universitaire,

53X, 38041 Grenoble Cedex (FRANCE)

Aminosils are new solid protonic electrolytes obtained by sol-gel process, by

dissolving an acid in a solid material. The starting material is an organically modified silicate

which gives, alter hydrolysis and condensation, an organic-inorganic glass.

The silica network gives good mechanical resistance and *good' thermal stability. The

organic radicals solvate the acids. For that reason alkoxysilane carrying a strong basic

radical like -(CH 3)2 NH2 have been chosen.

The chemical formula of aminosil is then:

(SiO)3/2 (CH2)3 NH2, (HX) x

with a molecular mass around 3 000 and a density of 1.3.

The conductivity was studied as a function of the nature of the acid, its concentration

and with variable temperature. The best. conductivity (10-3n I cm "1 at 1200C) is given

by : x =0.1 for HX = HCF3SO 3

(SiO)3/2 (CH 2)3 NH2 , (HCF 3 SO3 )0 .1

FIGURE I gives the variation of conductivity F with temperature for different

concentrations of perchioric acid. The variation of a with temperature is interpreted by the

free volume transport theory.
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SELF IONISADLE NETWORKS AS SOLID ELECTROLYTES.

K. CHERADAME, J.F. LeNEST.

Laboratoire de Chimle Macromoldculaire et Papetitre, Ecole
Franiaise de papeterie, B.P. 65, 38402 Saint-Martin d'Hares,
France.

1. introduction.

Our laboratory has been involved In the research forpolymer electrolytes far some years and has concentrated oncovalentty crosslinked polymers for which it was hopedbesides the advantages of solid electrolytes some improved
mechanical properties (1,2).
From the point of view of the macrostructure theelectrolytes based on organic polymer network can be dividedInto two classes, i.e. the networks containing the tonisable

functions under the form of salts dissolved or dispersed in
the material and the networks for which the ionisablefunctions are covalently linked to the macromolecular
chains. This second class is sometimes alled self-ionisable
polyetectrolytes.

2. Synthesis of self loolsable networks.

The synthesis of self ionisable networks brings newproblems because the cations being generally solvsted byinteractions with the. chain segments the material is more or
less a solid or a material of high viscosity, beingcrosslinked or not. There are two ways of obtaining thesematerials, either the ionisable functions are introduced
before crosslinking and this last operation is very
difficult due to the high viscosity of the system, or thecrosslinking reaction is achieved before the introduction of
the proper ionisable function. Thence, this last operation
must be done within a solid. This is always difficult evenif the solid has a high swelling ability. Limitation of the
lonisable functions content to get a better processabilityis detrimental to the final conductivity of the electrolyte.
Up to now the success of the synthesis of a given material
is the result of a delicate balance between contradictory
technical requirements. To our beat knowledge there are only
few attempts to produce self tonisable networks (3-6). In
our laboratory the most studied system is obtained by
reacton of one mole of POCI 3 or PSCI 3 with two moles of PEnglycol :

0
4

"O-PEO-P-PEO-OH

CI

then followed by crosslfnking by the usual polyurethane
technology after being hydrolysed t h en neutralised by
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lithium hydroxide. In another example self ionisable
networks are synthesised from a polyol on which part of the
hydroxylic groups have been transformed into the lithium
salt of complex anions, according to (4):

ROH + nBULi -9- ROLi + nBUH

ROLl + SbCl 5 - RoSbCl 5 -,LI
+

the remaining hydroxylic functions borne by the radical R
being used for crosslinking. In this context we have used
polyether triol (MW - 2600), corresponding to the structure:

CH 2 -(O-CH 2 -CH(CH 3 )-O)a-(CH2 -CH 2 -O)n-H

CH-(O-CH 2 -CH(CH 3 )-O)-(CH2 -CH 2 -O)n-H

CH 2- (O-CH 2-C(CR 3)-0) -(CH 2-CH 2-O)n-H

or comblike polymers such as poly(dimethylsiloxane) grafted
with polyether. The polyether branches consist of a two
blocks copolymer poly(ethylene oxide-b-propylene oxide). The
preparation of these materials is difficult, particularly
when the grafted siloxane is used. Monosalts of
perfluorinated dicarboxylic acids have been also used to
functionalize polyether polyols before crosslinking
according to the following chemistry:

HOOC-(CF 2 )3 -COOH + MOH -- HOOC-(CF 2 )3 -COOM + H20

HOOC-(CF2 )3 -COOM + SOc 2 -0- ClOC-(CF 2 )3 -COOM + SO 2 + MCI

ClOC-(CF2 )3 -COOM + ROH -b ROOC-(CF 2 )3 -COOM + HCI

where H is the lithium metal, and ROH is actually the same
polyether triol as the one described above.
Generally, the system to be crosslinked is placed inside a

mold consisting in two glass plates separated by a joint of
known thickness so as to obtain the materials under the
shape of a calibrated membrane. This technology has been
used in the case of networks filled by salts as well.

3. Transport properties of self ionisable networks.

3.1. Dynamic mechanical properties

Dynamic mechanical properties have been studied for some
self ionisable networks based on the oxy- and thio-
phophorous trichloride chemistry described above (.section
2). Measurements have been performed at 11 Hz. The same
general behaviour as in the case of polyether networks
filled with salts has been observed (3). The problems linked
with the synthesis are sometimes reflected in the width of
the relaxation spectrum.
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It is worth noting that the glass transition temperature is
decreasing with increasing molecular weight of the polyol
used for the synthesis, i.e. with the decreasing
concentration of the lonisable functions.

3.2. Magnetic nuclear relaxation.

Molecular processes characterised by low relaxation
frequencies can be examined through the transverse
magnetisation relaxation functibn (3). The movements and the
"freezing" of the ions follow closely the extent of
segmental motions allowed at the considered temperatureI as
un be seen for the linewidth of the resonance of the L

P (belonging to the anions linked to the chains), and H
(belonging to the chain segments) nuclei. This result is
easily accounted for assuming that the movements of chain
segments represent the limiting process the fluctuations of
the local free volume which is at the origin of the
movements of these three nuclei.
This fact strongly supports the interpretations given for

the general explanation of the transport properties of the
electrolyte networks. But probably the most interesting
finding in these last experiments is that the self tonisable
networks behave in a similar way as the networks filled with
salts.

3.3. Ionic conductivity.

The ionic conductivity of some self ionisable networks
based on the phosphorous chemistry described above has been
studied by the well-known complex impedance plot qethod.
The results showed that generally the .conductivity is

rather poor, being around 10 Ohm .c
-  

at IOOC. As

already observed for networks filled with salts, a decrease
of the glass transition temperature brings about an increase
of the conductivity. The networks synthesised with
phosphorous thiotrichloride exhibit a higher conductivity
than the one of the networks based on phosphorous
oxychloride, in spite of a higher glass transition
temperature. This result is explained assuming a higher
dissociation degree of the ionisable functions. This
interpretation was confirmed by the fact that the
introduction in the network of a solvent of a high
dielectric constant largely improved the conductivity.
The ionic conductivity of membranes based on polyether

triol (MW - 2600) bearing one perfluorinated lithium
carboxylate function per chain was slightly higher than the
one of the poly(siloane) grafted with polyether (total MW -
9200). This observation is consistent with the previous
finding that the condisctivity of membranes composed of a
polyether network filled with an lonisable salt was strongly
dependant on the crosslinking density. The conductivity
observed in the case of the self lonisable networks based on
the above triol and the lithium alkoxypentafluoroantimonate
function was fair, corresponding to one ion per initial
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mac!?moiycuIar chain before crosslinking, better than 10
-
6

Ohm cm at 25". The better conductivity of this last
material is assigned to the better dissociation of the
functions.

3.4. Ionic transport numbers

Only a few studies have been devoted to the evaluation of
the cationic and the anionic transport numbers. This study
has been done using the well established Tubandt's method
(7). Applying this technique to membranes based on various
polyethers and of different structures and crosslinked with
the usual polyurethane technology some Important conclusions
have been drawn: most of the electrolyte polyether networks
filled with salts have a predominant anionic conductivity.
and the use of perchlorates gives a relatively low cationic
transport number, even with the lithium cation. These
results, rather unexpected, explain the high interest of the
self ionisable networks which allow the obtention of
materials of a specific conductivity, i.e. totally cationic
for instance. .Indeed it has been verified that the self
ionisable networks based on the phosphorous oxychloride
chemistry described above (see section 2) have a cationic
transport number equal to unity within the experimental
errors (4). Then the free volume conductivity behaviour
observed here means that the cations can move only if they
have a hole of sufficient size in their vicinity, alike the
anions in the networks filled with salts previously studied.
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The study of the complexes between poly(ethylene oxide), PEO, and

various alkali metals salts has attracted considerable attention

during the last decade (i). Recently, this concept has been

Pxtended to anhydrous protonic polymer conductors by the

synthesis of complexes between PEO and the Phosphoric acid. These

compound PFO(H3 PO 4 )x , where x is the fraction of acid molecule

per monomer unit - exhibit a good ionic conductivity at room

temperature (G--4 x 10
- 5  

(n cm)
- 1

) (2).

Extensive NMR, 0 , DSC studies have been performed on these

systems. The present abstract forms part of a compr6hensive NmR

study including crystallinity, determination of the stoichiometry

of crystalline complexes, measurements of diffusion coefficients

of IH and 
3 1

P by the technique of Pulsed Magnetic Field Gradient,

and spin lattice and spin spin relaxation rate as a function of

temperature and frequency.

Here we present some results of a NMR study on the compound

P(EOflH 3 P0 4 1x x = 0.42 including T, and T1 ,, measurements for IH,

and 31 P nuclei an'd prelimirary date on the 
1
H diffusion

coefficient in deuterated PEO(H 3 PO 4 )o. 6 6 , which we compare with

conductivity data.

Required amount of polymer and acid were weighted and dissolved

in acetonitrile MerK anhydrous) and THF mixtute. inde a Itry

at-,1ci,r atw.isphere it) d g!, :a hry ( I e:-s thiil I ppm H,I' .,nd (1,) t(.
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the desired phosphor : oxygen in PEO ratio.

The NMR relaxation time measurement were performed in the

temperature range 227-353 K at 34 MHz. For T , measurement the RF

rotating field HI were equal to S and 10 G.

Conductivity measurements were performed using the a.c impedance

technique over the temperature range 260-345K. Details of

experimental cell and procedure have been published elsewhere .

In order to determine the effects of the motion of the polymer

chain on the diffusion coefficient, we have plotted the value of

the proton correlation time T deduced from the T1 minima (where

wOT = 1, 2w 1 T =1) with the conductivity date ( aT vs I/T).

Resultin graph, in Figure 1; shows that the T value scale fairly

well with the conductivity data, within the limits of

experimental error, showing that the diffusion coefficient is

governed by the segmental motion of the chains, as previously

observed alkali metal P(EO) complexes (3).

. We shall now focus on the 
3 1

p NMR

data in P(EO) (H 3 PO 4 )0 .4 2 and

+ especial ly on the case of

deuterated acid. The reason is

that in this case we suppress two

sources of relaxation, the

*" intramolecular H-P interactions,
(s-") and the polymer-acid H-H intera-

ctions, thus making easier the

+ we UVA + interpretation of the relaxation
BATA(mimmmus) medhanisms. In Fig.2 is shown the

temperature dependence of the

spi,,-lattice relaxation rate of

3 . .
3 1

P. Several points have to be3.s'5 " 4 - 0
T noticed. The peak in TIp obser-

ved around 260K has the same am-

plitude for both deuterated andFigulre 1 Temperature de-

undeuterated acid (not shown in
pendence of the proton cor-

the figure). Consequently, itsrelation time deduced

origin has to be attributed to a
from NMR data on

modulation of the interaction
wd-. ith he - tetwcen the protons of the chain

I ue Ad, and thef phosphdouCsand 
t
he phosphorous.

tivity ,-ata.
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Tho frf'.1Iinfly dependence of our T I and Tldata strongly deports

from the classical BPP piicturke which predicts a quadratic

dependence on 1Ireqicicy for the relaxation rates.

A ronvenient way to describe relaxaition processes in disorded

systems is to use the so-called stretched exponential correlation

fonct ion(4

f~t) = ex [(- /-[

in sticha description, the spin lattice relaxation time in the

1(ow temperature region, where W(T-1 has the form

TaWl a) OT (2)

We made an estimate of this parameter a from an implicit plot of

(I T versus the spin-lattice relation rate in this temperature

range, assuming tha't ()T is proportionnal to T(T) lwhich

leads to a value of- 8=0.27 (Fig.3).

100

0Il

UP

Mr IKI
Fiuez Tmeauedpn iue3 Lgrtmcpo o
, 6fc?(ft--p o p o u p n h s h r u pi -a t c e a

la t c4 e a-a i n t t -t4O

3. H: i ExD1"4))4' verst
4 rG:"=lc aA
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Using this value, and a correlation time T (T) = Toexp(E/k(T-T,)'

where E=O.O5 eV and TO=224K are the value obtained from the

conductivity data, we obtain a good fit of our NHMR data. From the

TI. J maxima condition we obtained To = 1.67 10-12s. The T
1
I

temperature dependence in the temperature range is woll

reproduced, and we also get the correct frequency dependence

between our T1 and Tip data.

Finally, we have determined the diffusion coefficient of the

proton 1H in a deuterated P(EO)(H 3 PO 4 )0 .6 6. Comparison with the

conductivity data indicates that only a small fraction of the

mobile species participate to the charge transport. Further

measurements are currently in progress.

+ Partially suported by CIPq, Brazil
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POLYMER ELECTROLYTE COMPLEXES OF LITHIUM PERCHLORATE
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INTRODUCTION

Ionic conduction in solvent-free polymer electrolytes

primarily occurs in the amorphous domains via a free volume mecha-

nism (1). The need for good mobility of polymer chain segments has

l&d to the synthesis of novel polymers with pendant oligo-oxyethy-

lene side chains and a polyphosphazene (2), poly(methacrylate)(3,4),

polybutadiene (5) or polysiloxane (6,7) backbone. This report

describes the synthesis of some comb-type poly[(methoxypolyethylene

glycol)methylsiloxanels and the conductivity of their complexes

with lithium perchlorate.

EXPERIMENTAL

Poly((w-methoxyhepta(oxyethylene)ethoxylmethylsiloxane),

abbreviated as PMMS-8, was prepared by reacting methoxypolyethylene

glycol of MW 350 with poly(hydrogenmethylsiloxane) (MW 2650) in

THF at 600C with zinc octanoate as catalyst. The NMR spectrum

indicates an average of eight ethylene oxide units per side chain

rather than seven as previously reported (6).

Polyf{w-methoxyoligo(oxyethylene)propylimethylsiloxanels were

prepared from poly(hydrogenmethylsiloxane) and the allyl ether of

methoxy polyethylene glycols of MW 350 and 550, respectively, in

THF at 500C using platinum-divinyltetramethyldisiloxane as

catalyst. The allyl ether was made from allylchloride and the

methoxypolyethylene glycol in THF with NaH at 250 C. The two polymers,

abbreviated as PAGS-8 and PAGS-12 have an average of 8 and 12

ethylene oxide units in the side chain. The structures of PMMS-8

and PAGS-n are shown below.



CI CH1 3 1 3

-si-o] - -[Si-O] -
I I

O-(CH2CH 20) 0CH (CH 2 ) 3 0-(CH2CH2 O.)CH3

PMMS8 PAGS-n where n= 8 or 12

Complexes of the three polymers with LiCIO 4 were made by

evaporation of solvent from a polymer-salt solution in THF,

followed by careful drying under vacuum. Cross-linked complexes

of PMMS-8 were prepared by adding 1% by weight of benzoyl peroxide

to the complex and heating the sample for 24 hrs. at 1000C (6).

Polymer blends of PEO (Mn - 4 x 106) and PMMS-8 were obtained by

solvent evaporation of a methanolic solution of PEO, PMMS-8 and

LiC10 4, followed by vacuum drying at 50-600C for several days.

The polymers were characterized by 100 MHz 1H NMR, 29Si NMR,

IR and FTIR, and GPC with THF as eluant. Details of DSC and

conductivity meas'urements (AC) have been reported elsewhere (3,6).

RESULTS AND DISCUSSION

H NMR and IR spectra indicate complete conversion of Si-H

groups for PMMS-8 and PAGS-8. For PAGS-12 the conversion is better

than 90% complete. 29Si NMR and GPC data do not show the presence

of low molecular weight cyclics in PAGS-8 and PAGS-12. However,

in PMMS-8 the weight % of low molecular weight cyclics may be as

high as 30%.

Conductivity measurements on the LiCIO 4 complexes as a function

of temperature yield linear plots when using the Vogel-Tamman-

Fulcher relationship. Maxima in the conductivities are found at

ethylene oxide unit to Li+ ratios of about 25. Table I lists the

conductivities a (in ohm-1 cm-1 ) at 250C and 700C for LiClO 4

complexes with the three polymers and the cross-linked PMMS-8

at the ratio EO/Li - 25. The higher weight fraction of ethylene

oxide units in PMMS-B relative to PAGS-8 (with its rather large

hydrophobic backbone region) makes the former polymer a better

conducting medium. This is also the reason for the higher a of

PAGS-12 relative to PAGS-8. The advantage of the PAGS polymers

vis a vis the PMMS-polymers are the higher stability of the Si-C

linkage as compared to Si-O-C.



18.3

The dimensional stability of the polymer electrolyte complexes

(all viscous oils) can be improved by cross-linking or blending

with PEO. Cross-linking lowers the conductance as it impedes

segmental chain motion (Table I). Addition of PEO to a LiClO4

/PMMS-8 mixture changes the complex into a blend from which tough,

flexible films can be cast. Figure I depicts the conductance

behavior of these polymer electrolyte films as a function of the

ratio Li + /EO. The room temperature conductance of these films at

EO/Li ratios of 25 are considerably above 10-- 1 cm
- 

, and far

exceed those of PEO/LiClO 4 complexes. The PMMS-8 acts as a non-

migratory plasticizer for PEO with good conducting amorphous

domains while PEO imparts dimensional stability to the film.

The financial support of this work by the National Science

Foundation and the Petroleum Research Fund administered by the

American Chemical Society is gratefully acknowledged.

REFERENCES

1) B.L. Papke, M.A. Ratner and D.F. Shriver, J. Electrochem. Soc.

1982, 129, 1694.

2) P.M. Blonsky, D.F. Shriver, P. Austin and H.R. Allcock, J. Am.

Chem. Soc., 1984, 106, 6854.

3) D. Fish, D.W. Xia and J. Smid, Makromol. Chem., Rapid Commun.,

1985, 6, 76.

4) N. Kobayashi, M. Uchiyama and E. Tsuchida, Solid State Ionics,

1985, 17, 307.

5) S.E. Bell and D.J. Bannister, J. Polym. Sci., Polym. Lett. Ed.,

1986, 24, 165.

6) D. Fish, I.M. Khan and J. Smid, Makromol. Chem., Rapid

Commun., 1986, 7, 115.

7) P.G. Hall, G.R. Davies, J.E. McIntyre, I.M. Ward, D.J.

Bannister and K.M.F. Le Brocq, Polym. Comm., 1986, 27, 98.



11.4

Table I. Conductivities of Polymer-LiCIO 4 Complexes

5 -1I -1I
o x 10 5

, ohm cm

Polymer 25*C 709d!

PMMS-8 7 25

PkMS-8 (cross-linked) 2 13

PAGS-8 3

PAGS-12 7.6 46

Figure 1. Plot of log conductivity versus the ratio of Li
+

to ethylene oxide units for mixtures of LiC104
and PEO (A); PMMS-8 (B); 70/30 blerd of
PMMS-8/PEOIQ50/50 blend of PMMS-8/PEOII)
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SOLID POLYMERIC ELECTROLYTES FORMED BY

POLY(ETHYLENE OXIDE) AND NICKEL BROMIDE
R. Huq, A.R. McGhie and G.C. Farrington

Department of Materials Science and Engineering

University of Pennsylvania
3231 Walnut St.

Philadelphia, PA 19104
I. Introduction: Recently, several studies have reported that PEO dissolves a

number of salts of divalent cations to form polymeric electrolytes with appreciable ionic

conductivities (1-5). This work has expanded upon earlier reports of James et al. (6,7); it
demonstrates that the family of PEO-based quasi-solid electrolytes is actually quite large
and that PEO and similar polymers behave more like unusual non-aqueous solvents

than crystalline solid electrolytes.
We have recently been studying PEO electrolytes formed with salts of d;" 'lent

cations and inonovalent anions. These include compositions with salts of Mg(h) t4),

Zn(lI) (8), and Pb(ll) (5), and others. This paper describes some of our investigations of
PEO containing NiBr 2 . We were quite surprised to find that the Ni 2 + transport number in

these materials can be increased by a process involving the slow hydration and

dehydration of the electrolytes after they have been prepared.
II. Film Preparation: (PEO)xNiBr 2 electrolytes were prepared by solution casting

using a two-solvent technique. NiBr 2 was dissolved in anhydrous ethanol and PEO
(Polysciences, MW=5xl06) in acetonitrile. Solutions of NiBr2 and PEO were then mixed

and electrolyte films cast on a TeflonM plate. Solvent was first allowed to evaporate at
room temperature in a dessicator over molecular sieves. Electrolyte films were then
heated to 1400C in vacuum to remove residual solvent.

In the remainder of this abstract, the following terms will be used to denote the

origins of various samples: 'as cast' is a sample that was cast and then de-solvated at
room temperature in a ,inssicator; 'as cast and dried' means the sample was cast and
residual solvent removed by heating to 140°C; 'modified' means the sample was heated

to 1401C, cooled to room temperature and hydrated in moist gas, and then dehydrated

by heating to 140°C in a stream of dry argon or nitrogen.
Ill. Results and Discussion
A. Thermogravimetric Analysis: During the initial heating of a freshly-prepared

film of (PEO)8 NiBr 2, there was a gradual loss in weight between room temperature and

800C but no further weight loss before heating was discontinued at 200'C. When the
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sample was then cooled in dry nitrogen and re-heated, the low-temperature weight loss

did not re-appea-, and the sample weight was stable until decomposition commenced

around 3300C.
TGA also showed that sample films rapidly hydrate when exposed to water vapor

at room temperature. For, ,xample, when a sample of (PEO)8NiBr2 was allowed to

hydrate in moist air for 24 hours at room temperature, it absorbed about 30 molecules of
water per (PEO)8NiBr2 unit. When the sample was then held in flowing dry nitrogen at

room temperature for 24 hours, it lost all but 6 molecules of water per (PEO)8NiBr2. The

remainder of the water could be removed by heating to 1400C.

These (esults indicate that there is both weakly and strongly-bound water in
hydrated saniples of (PEO)8NiBr2. The strongly-bound water, which can only be

removed upon heating to 1400C, corresponds to water in the hexaaquo complex
(PEO)8NiBr2.6H20. The existence of this complex was confirmed by optical

spectroscopy measurements
B. Conductivity Measurements: Polymer film conductivities were measured by

complex impedance/admittance analysis from 102 to 106 Hz with both blocking (Pt) and

and non-blocking (Ni) electrodes. The values determined for bulk conductivity were the
same for both types of electrode, but the use of Ni electrodes made it possible to

estimate the Ni2 + transport number. Before analysis, all samples were dried in the

conductivity cell under vacuum, first overnight at room temperature and then at 1400C

for 2-3 hours. Measurements were then carried out in a stream of purified argon.
The conductivity of a sample of (PEO)8NiBr2 during heating and cooling is shown

in Fig. 1. The conductivity knee around 600C is a feature generally expected in samples

of these materials from the melting of uncomplexed PEO. The conductivity undergoes an
unexpected dip around 1300C and then gradually increases at higher temperatures.

What is quite surprising is the effect that hydration and dehydration have on the
Ni2 + transport number in (PEO)8NiBr2. As Fig. 1 shows, above 600 the conductivity of

the modified electrolyte is much greater than that of the as cast/dried electrolyte.
Modified samples are not only more conductive, they also have much higher transport

numbers for Ni 2 +.
The transport numbers of Ni 2 + in normal and modified samples were estimated

using complex ac impedance analysis and dc polarization with non-blocking Ni

electrodes. The result of both sets of experiments show that the transport number of
Ni(ll) normal sample is quite low, even at 1400C, whereas the modified sample shows
appreciable Ni2 + transport. Fig. 2 plots log t Ni(ll) vs. temperature. As the data show, the

normal film is virtually a pure anion conductor, while the modified sample has

considerable Ni 2 + mobility. This effect was repealed on sample after sample. No

sample was ever measured that did not show the effect.
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Electrolytes formed by dissolving NiBr2 in PEO are unusual in that the transport
number of Ni2 + can be apparently be enhanced by controlled hydration and
dehydration. The same process also results in a dramatic increase in conductivity above
601C. Preliminary measurements of the UV-visible spectroscopy of (PEO)8NiBr2 show
that during hydration water first associates with Ni(ll) to form the hexaquo complex. TGA
data indicate that essentially all Ni(ll) in the electrolyte forms this complex. It may be that
the complex formation frees the Ni(l) from a strong interaction with the ether groups in
the PEO chains set up when the electrolyte Is formed. The structure of the electrolyte
must.obviously be very different after dehydration than before, since there Is such a
large increase in conductivity. The high conductivity form may be metastable, but no
sign that the complex reverts to the low conductivity form has been observed.
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Figure 1. Conductivity of (PEO)8NiBr2; -5 *
normal sample (o); modified sample (x). -. %
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The rapid development of the two new classes of electrically active polymer

maLerinis. electronically conducting and electroactive polymers and ion

conducting polymers respectively. offers new possibilities for application of

both materials, especially in combination with each other. While some of these

combinations have been attempted earlier, they all met serious problems due to

poor initerpenetrntion of the two polymers. The recent availability of

solubilized olectronctive and conductive polymers have greatly advanced the

possibilities or reducing the interpenetration problem. We present some

experimental studies using the combination of solubilized electroactive

polypyrrole with polyethylene oxide in a electroactive polymer blend electrode

for solid state polymer batteries. We also discuss the general possibilities or

using polymer blends for solid state electrochemical polymeric devices, and

avenues for materials development for such devices.

SOLID0 STATE POLYMER nAT'ER IFS

Electronctive polymers can be dispersed in ion conductive polymers by mixing

suspensions or solutions of both types of polymers and solution cast these mixed

polymers. To reach an high degree of dispersion the polymers should exist as

very fine particles or as polymer molecules. This is no problem for the polymer

electrolytes but has been quite a problem for electroactive polymers. Recently.

techniques for making suspensions of polypyrrole in water, by using a polymer

stabilization technique, have become available(l). We have used this technique

to make polymers blends with polyethylene oxide(2,3) for preparing compositp
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polymer electrodes for polypyrrole/Li batteries. These polymer blends strongly

enhance the coulombic capacity of the electrode, as more of the electroactive

material is in close contact with the electrolyte. The shorter paths of

diffusion of intercalating ions within the electroactive polymer, due to the

small dimensions of the polymer particles, also enhances the rate of

utilization. Our studies show the main and great problem to be the extremely

rapid rate of.selfdischarge in the battery. We present a theoretical analysis of

the energy density of solid state polymer batteries utilizing polymer

electrolytes in combination with Li and/or electroactive polymer electrodes.

PROSPECTS FOR DEVICE DEVELOPMENT

The use of polymer blends in electrochemical devices has been demonstrated in

secondary batteries but is not limited to these. Electrochromic devices

incorporating such polymer blends could be constructed. Photoelectrochromic

devices incorporating polymer electrolytes should be possible(4). There exists

considerable scope for synthesis of electroactive polymers that have the

"right." spectral features for application in electrochromic windows. For

instance the conductive polymer poly(isothianaphtene) has been shown to have a

very low bandgap and is transparent in its oxidized state and black in the

neutral state. (5)

AVENUES FOR MATERIALS DEVELOPMENT

The use of electroactive polymer blends reduces the problems encountered during

ion transfer at the interface between electroactive polymers and ion conductive

polymers. It does this mainly by enormously enhancing the contact area between

the phases, in the case of the microheterogeneous blends. This might be a rather

trivial way of solving a problem that is more fundamental. One of the advantages



Lhnt we expect to explo it in this geometry is the short difrnision paths that are

encouiiteved on chnrge and discharge or the electroactive particles. On the other

hand. ir we could enhanc. the diffusion properties of ions in the electroactive

polymer, we could maybe combine the electroactive and Ion diffusion properties

in one nnd the same polymer molecule. The race for higher conductivity in

polymer electrolytes will require an qualitative understanding of the role of

polymer dynamics in the transport process. If these mechanisms could be

incorporanted In electroactive polymers we might find a completely new class of

molecular composites incorporating both electroectivity and facile ion

diffusion.i-t appears quite probable that these will be conflicting goals, but

it may be that the optimum Is not that round in presently available materials.
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Fig.l SEM picture of an electroactive polymer blend material(2). The material

was prepared by mixing water solutions of solubilized polypyrrole and

polyethylene oxide. The mixture contains 30 weight percent PEO and the

electronic conductivity is around 0.5 S/cm. The small spherical particles of

some hundreds ef nm dimension consists of polypyrrole.
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Conductivity of polymer electrolytes of lithium salt with

acrylate polymer containing tris(methoxy(polyoxyethylene)ethoxy)

siloxy alkyl groups.

kunio Kihara and Eiki Yasukawa

Central Research Laboratory

Mitsubishi Petrochemical Co. Ltd.,

Ami, Inashiki, Ibaraki, 300-03, Japan.

Introduction

Recent works for solid polymer electrolytes have focused on

lithium salt complexs of polymers such as poly(ethyleneoxide) (1),

poly(propyleneoxide) (2), polymethacrylate containing -methoxy-

polyoxyethylene chain groups(3), polyphosphazene(4) and

polymethylsiloxane(5). The requistes for the ECD polymer

electrolytes are transparency and high ion conductivity. In this

paper we describe a new polymer electrolyte of lithium salt with

acrylate polymer containing tris(methoxy(polyoxyethylene)ethoxy)

siloxy alkyl group. The ion conductivity of this polymer

electrolyte was xl0A S'cm at 25*C, and the transparency was 96%

at 400-800mm.

Experimental

Acrylic macromers containing tris(methoxy(polyoxyethylene)

ethoxy)siloxy alkyl groups were prepared according to scheme 1.

To a toluene solution (80ml) containing 0.4 mol of SiC14, 0.1

mol of acrylic monomer was added dropwise at 5*C. The mixture

was stirred for further 3h and the excess of SiCI4 was removed

by vacuum distillation. To this mixture, 200ml of toluene

solution containing 0.4 mol of pyridine and 0.3 mol of methoxy

poly(ethylene glycol) was added dropwise at 20*C and then the

mixture was stirred for further 4h. The mixture was filtered to

remove the pyridine-HCl salt and toluene was removed from the

mixture by vacuum evaporation. The crude product was washed with

n-hexane and diethyl ether to yield the macromer.

Polymer electrolyte films of lithium salt with acrylate
polymer were prepared by a casting polymerization method.

Macromer, comonomer as a crosslinking reagent, benzoylperoxide

(0.Swt%/monomer) and LiX were dissolved in methanol and the
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mixture was casted on a glass plate and dried at 60*C for 10h

under 1 mmHg.

The glass temperatures of films were measured using a

Perkin Elmer 990 DSC meter and the ion conductivities were

obtained with a Yokokawa-Hewlet-Packard 4274R/4275A multi-

frequency LCR meter.

Result and discussion

The components, compositions, glass temperatures and ion

conductivities of the polymer electrolyte films in this work are

sammarized in table 1. Figure 1 shows temperature dependence of

ionic conductivities for the typical polymer electrolyte films.

Figure 2 shows the effects of the EO equivalent in monomers on

the ion conductivity.

The glass temperatures of the polymer electrolyte films

from macromer I - IV were lower than those of the polymer

electrolyte films from methacrylic acid polyethyleneoxide (MPEO)

and maleic acid di-polyethyleneoxide macromer (MEPEO) and as a

result glass temperatures of polymer electrolyte films from

I - IV were higher than those of films from MPEO and MAPEO even

at the same EO equivalent.
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SCHEME I PREPARATION OF MACROMER
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Fig. I. Temperature dependence of ionic Fiq. 2. Relation between loqalithm of ionic
conductivity of films (0), conductivity and £O equivalent in
film NO.91 I A ),film No.41 monomer. macromer in films : 1 ),
(t0 ) ,film No.2 in table I. macromer Is ( A ) ,macromer KAPEO:

( [3 ,macromer 14PEO.
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THE CONDUCTIVITY BEHAVIOUR OF GAMMA IRRADIATED PEO-LiX

ELECTROLYTES

E. Kronfli and K.V. Lovell

Applied Physics and Electro Optics Group, R.M.C.S., Shrivenham,

Swindon, Wiltshire. SN6 8LA

and

A. Hooper and R.J. Neat

Materials Development Division, Harwell Laboratory,

Oxfordshire. OXl ORA

Polymer electrolytes of the type PEO-LiX have been the

subject of a worldwide research effort. This research is partly

stimulated by the potential use of the electrolytes in solid-

state lithium battery systems. Batteries of this type have been

fabricated and studied at the Harwell Laboratory [1), itilising a
V6013 composite cathode and a PEO,:LiCF3SO3 electrolyte.

The figure shows the variation in ionic conductivity with

temperature for a typical solvent-cast film of PEO,:LiCF3SO3 . The

conductivity/temperature behaviour can be represented by four

linear regions with associated activation energies E,_E 4,

separated by regions associated with polymer phase change (dotted

lines). Three values of conductivity obtained on the cooling

cycle (69g, aso and o2s), combined with the four activation

energies, provide a complete description of the conductivity/

temperature dependence of the electrolyte.

The transition from El to E. is associated with the melting

of the PEO phase and, recrystallisation dn cooling gives rise to
the transition from E s to E4 . This recrystallisation event

results in a ez, value which is too low for high current density,

room temperature applications. Preventing recrystallisation would

result in a higher a, value (otarget).

One of several methods available to retard crystallisation in

polymeric systems is the introduction of cross-links into the

amorphous form. Charlesby (2) has shown that gamma irradiation

can be used for this purpose, and Vincent et al. (31 have recently

applied this method to PEO-LiX electrolytes, using gamma



22.2

T/oC

22 16 148 129 19 89 61 L 2; 11 -29

-2
A- Healing

-3

EUUG
-S5

% Ift " e
b %

-6

-7

-e

2.9 * 2.4 2.6 2.8 3.8 3.2 3.4 3.6 3.0 4.9 4.2

1808/T (K- )

irradiation to suppress crystallisation in a PEO,:LiClO 4

electrolyte.

A study of gamma irradiation at an elevated temperature on

the electrolyte PEO,:LiCFaSO 3 has been undertaken here.

Differential Scanning Calorimetry and ionic conductivity results

will be presented, and the effects of gamma irradiation on the

parameters EI-E 4 and os0, a,0, a2s reported.' These results will

also be compared to those for a second electrolyte PEO 2g:LiCIO 4 .

This, in contrast to the PEO,:LiCF3SO, electrolyte, is totally

amorphous at the irradiation temperature.
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HIGH FREQUENCY IMPEDANCE OF AN AMORPHOUS POLY(ETHYLENE OXIDE)

E.Linden and J.R.Owen

Department of Chemistry and Applied Chemistry

University of Salford

Manchester M5 4WT

INTRODUCTION

This work addresses the problem of obtaining accurate
impedance data on highly conducting electrolytes at high

frequencies. Such data are important for at least the following

reasons:

1) The dielectric relaxation parameters can provide a

conductivity value unaffected by uncertainties in cell geometry,
e.g. sample thickness, wetted electrode area.

2) Anomalous frequency dependence effects can indicate sample

inhomogeneity and fundamental conductivity parameters.

The measurement of the dielectric relaxation in highly
conducting samples requires a high frequency range. This may

cause problems due to interference from the capacitance and

inductance of the cell and connecting leads. For example, above

1MHz the capacitance of a lead can easily mask that of the sample

if the area/thickness ratio is less than, say, 100cm, so that the

observed impedance plane semicircle is quite artificial. The

inductance is also a major problem with samples of resistance

less than, say 100 Ohms. The following theory shows how
appropriate corrections to the data can be made in the example of

a highly conducting amorphous polyether.

EXPERIMENTAL

Two types of sample holder were used; these are shown in
Fig.I. Both are designed to hold a small sample in a fixed

geometry without excessive creep during measurement. In one, the
sample length and area are large enough to be precisely measured,

although uncertainty in the real contact area of a non-wetted

electrode may be a source of error. In the other, the length is

too short for accurate measurement and may even vary across the

sample area, although the design minimizes such errors.
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The polished ee-trodes were housed within an argon- filled,

temperature-controlled, furnace and connected along short leads

through an external co-axial cable to a Hewlett- Packard 4192A
impedance analyser.

Impedance and admittance spectra were taken in the range 13 z

to 5 Hz. Impedance and admittance spectra were also taken of the
empty cells in short and open circuit configurations in order to

determine the impedance characteristics of the cell, leads and
cable combination.

The sample was an oxyethylene-oxymethylene copolymer doped with

one LiCl04 per 24 ether oxygens.

THEORY

The effect of a co-axial cable on the measured impedance value

can be shown to be:

Zapp = Z (1 t Zs/Z) where Z = sample impedance
Y = sample admittance

(1 + !o/Y) Zs = short impedance

Yo = open admittance

Zdpp 7 medsured value

Apparent values may therefore be corrected:

Z Zapp ZS

Zapp(Yapp yo)
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RESULTS AND DISCUSSION

Table I shows 3 comparison of the relevant sample, short and open

circuit impedance data. It may be seen that in the thick cell no

correction due to Zs is necessary, while Yo completely swamps any

admittance due to the sample; attempts at correction are probably

futilp. Hotw*,vpr. in th. ?hin r-L, L-th - ': :.:; t

in the IMHz region.

Frequency Z"s Rthick Rthin Yo" Gthick Gthin

Hz ohm ohm ohm mS mS ms

ION 40 4.6

In 4 30K 200 .46 .03 5

lOOK .4 .046

Table 1. Typical sample data compared with cell

and lead characteristics.

Fig.2 shows the completely artificial dielectric semicircle given

by the thick cell. Fig.3 shows a real but distorted smicircle

given by the thin cell, and Fig. 4 the corrected version.
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We conclude hat the thick cell give the mst accurate
conductivity values, but no inforpation regarding dielect~ric

rel aatior. The thin cell shove a Bmicircle with no detectable

depression. Therefore, although no interesting dielectric

aomlie wer found, we ca alcalte a dielectric ontant.
This can be used subsequently to calculate conductivity from high
frequency data without a knowledge of the sample dimens ions.

An Arrhenius plot f or the polymer measured using the thick cell

is shown in Vig.5. Extraction of the dielectric semicircle, even

free the thin cell beome increasingly ,difficult at higher

temperatures, and the temperature dependence of the dielectric
constant is currently being evaluted.
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SIMULTANEOUS DIFFERENTIAL SCANNING CALORIMETRY/

DIELECTRIC THERMAL ANALYSIS OF POLYMER ELECTROLYTES

A. R. McGhie, A. M. Denenstein, G. Rohrer and G. C. Farrington
Laboratory for Research on the Structure of Matter

University of Pennsylvania, Philadelphia, PA 19104

INTRODUCTION
Two techniques used to characterize polymer electrolytes are differential

scanning calorimetry (DSC)(1) and dielectric thermal analysis (DETA)(2). In DSC,
heat flow, to and from a sample, is measured as a function of temperature with heating

rate as parameter. From these measurements the sample can be characterized in

terms of phase behavior, I.e. first or second order transitions, and chemical stability,

e.g. dehydration or chemical decomposition. This is a powerful technique which can
be used quantitatively both to calculate sample composition and to study the kinetics

of physical and chemical transformations. DETA is a more substance-specific
technique in which both the real and imaginary parts of the dielectric constant can be
obtained as a function of temperature with frequency as parameter. This technique is

m'st sensitive to polymers containing dipoles either In the polymer chain itself or as
additives to the system e.g. absorbed water. The frequency dependence of the

dielectric constant allows identification of specific types of dipolar motion and
characterization of activated processes. When measured isothermally on polymer

electrolytes, this technique is known as complex plane analysis (3) and is the standard
method used to determine ionic conduction as a function of temperature.

The apparatus and operating conditions used for these two techniques are

quite dissimilar and it can be difficult to correlate both sets of data on the same
nominal sample, especially when one wishes to study a specific effect e.g. exposure to

water vapor, or to undertake precise annealing studies. In order to facilitate analysis of

polymer electrolyte samples by these techniques, we have constructed a combined

cell in which both measurements can be determined simultaneously, thus allowing
precise correlation with temperatures, pretreatment and envircnmental conditions.

EXPERIMENTAL
A DuPont DSC cell was modified to allow incorporation of a capacitance cell,

shown schematically In Figure 1. The sample is kept in good contact with the heat

sensor and is thermally isolated from the cell using a spring loaded glass needle
above and is electrically insulated with a 2 mil thick Kapton ® film below. Sputtered
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gold contacts were applied to polymer films, typically 5x5x0. lmm. Thin copper platens

on either side of the film ensured uniform pressure and were connected to isolated

binding posts by 3 mil constantan wires. The maximum cell temperature achievable
was 1700C and was limited only by use of soft soldered contacts. The dielectric

properties of the sample were measured initially with a Hewlett-Packard 4800A Vector
Impedance Meter on which both IZI and phase angle, 0, could be observed on panel

meters whose analog outputs were, in turn, led into a Dynamic Solutions Appligration

data acquisition system. In this way three signals were obtained simultaneously: heat
flow (AQ), IZl-1, and 0 at a single frequency as a function of temperature. In addition,

AQ and either IZ[- or 0 could be plotted simultaneously during a run on the DuPont

990 XYY recorder using the external input jack. With this system samples could be

studied in the temperature range 150K to 450K at heating rates of 2-50 K/min.
It was subsequently possible to study the frequency dependence during a run

by using a Solartron 1250 frequency response analyzer programmed with a 9000
series H-P computer so that measurements could be made over the range 6.5 Hz to 65
KHz at 21 different frequencies, once every 10 seconds. The wealth of data obtained
in this mode makes it one of the most powerful techniques available for studying
poly(ner electrolytes.

RESULTS
Examples of both techniques are given. Data obtained using the single

frequency continuous scan method are shown in Figure 2 for a sample of polyethylene
oxide loaded with Znl 2 of composition Zn12(PEO) 16 at a heating rate of 100C/min. and

frequency of 20 KHz. Effects of glass transition and melting of the pure PEO phase are

shown. Figure 3 illustrates the type of information that can be obtained using the
multiplexed frequency technique on a sample of CoBr 2(PEO) 8 at a heating rate of
1 00/min. Figure 3 a) shows the DSC scan and b) and c) show Bode plots before and
after the pure PEO phase melts. Dielectric data sets were obtained at 5oC intervals
with a temperature spread of only 1.50C. Continuous scans at fixed frequency similar

to those in Figure 2 can be generated for all frequencies measured. Admittance and
impedance plots at each temperature allow determination of the bulk resistance and

hence ionic conductivity as a function of temperature.

CONCLUSIONS
This powerful simultaneous technique appears suited both for rapid survey and

detailed study of the effects of pretreatment and environment on polymer electrolytes.
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temperature at a healing rate of I U'C/In. and measuring frequency of 20 KI lz for a
sample of ZnI24PEO)18.
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SOLID1 POLYFLECTROLYTES: PROPERTIES OF LONENES

Llqfa DoetalquezWolfgang H.Neyer

Max-Planck-Instltute for Polymer Research

P.O.Box 3148,D-6500 Sainz,FRG

In contrast to "polymer electrolytes" relativly little is known
so far about the solid state properties of "polyelectrolytes",
which contain ionic centers and counterions as part of their con-
stitutional repeating (monomeric) units.There are no data available

about the Influence of ion density on the crystal structure,mor-
phology,thermal and (di)electrical properties of solid polyelec-
trolytes.

To be able to estimate the possibility of fast ion diffusion as
well as other solid state properties in crystalline and amorphous
polyclectrolytes we chose poly((dialkylirnino)alkylene-salt)s (1-4i),

w hich have been described by Dieterich et al. I) and have been named

"ioncncs" by Rembaum et al. 2),and some aromatic analoques (5).

R' 1 R = (CH ) m m = 6 R' = CH 3
2 R=(H2) m m = 10 R' = C

N -3 R = (CH 2 )m m =6 R' = C 2CH 3
X_4 R = (CH ) M m = 20 R' = CH 3
n 5 R =CH -C H-Z-CHC '=C

_ 2 6 4- C6H4-C 2  R'=C 3Z = O;S 2 ; OOC-C 6  - coo

The Ion density In ionenes can be easily adapted by varying the
length of the chain R,the size of the side chain R' and the type
of the counterion X .For crystal stru'cture investigations low

molecular-weight models such as trimers (n=3) have been synthesized.

Results

lsually.the synthesis of the ionenes following the procedures
which have been described by Rembaum et al. 2) provides for bromide
or chloride as counter ion which has to be exchanged in order to
introduce different types of counterions.The ion-exchange can

be controlled such,that product purities better than 97% (as

evidenced by elemental analysis) can be obtained.
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The properties of the ionenes strongly depend on the length of

the chain R,the side chain length R' and the type of the counterion.

In the case of aliphatic chains R the influence of the chain

length m can be estimated by comparism of the melting temperatures

of various tonene salts, e.g. _1-tos (m=6) m.p.249*C,with 2-tos

(m=10) m.p.99°C,1-trif (m=6) m.p.206"C,with 2-trif (m=lO) m.p.118C -

(compare table) ,indicating the melting temperature to decrease

with increasing m . The same is true for different side chain

lengths R', e.g. 1-tos (R'=CH3 ) m.p. 249"C,with 3-toe (R'= CH2 CH 3)

m.p.119"C,and 1-trif (R'=CH 3 ) m.p. 206"C with 3-trif (R'=CH 2 CH 3 )

m.p. 98"C(compare table).Obviously,the larger the volume fraction

of the organic component in the repeating unit,the lower the melting

transition temperature:

Ioeme X cculaled Found M.p./"

C H y1 C H Y

uec ) so; 60,17 8,42 10,41 (S) 57.6 g,31 10.1 249

t-rif FSo 38.99 6.50 20.51 (F) 38.99 6.62 20,30 20
IBF, 4 , .55 8.35 35.25 (F) 42.56 7.94 30,75 276I.SbF SbF 26.40 4,9 31,33 (F) 26.37 5.06 30,65 235

I 7.4,1- 29.95 5.62 49,86 (hr) 29.93 5.75 S.006 -

2-1S5 ".-a so; 64,23 9.30 9.01 (S) 61.91 5.86 9.47 99

2-,ri F ,- 46.8 7.,81 17.11 (F) 46.72 7.79 17.28 12-BF4  B 0- 53,18 9,60 28.05 (F) 53.02 9.72 27,97 127
2-SbF, SbFj-  34.31 6,20 27,15 (F) 34.11 6,30 27,40 283

3-tos H1.C-/ .- o 62.93 8,87 9.79(S) 59.32 8.39 9.50 119

3-trif F CS0- 43,28 7,21 18.68 (S) 39,57 6.93 18,26 98

e In p-atha a rerence elemen of the counterilo.

W Mcking Imp. by DSC.

This behaviour is also substantiated by recent results obtained

with S_-salts (m=20),which generally exhibit the lowest melting

transition temperatures among the ionenes under our investigation.

'the high melting transition of 1-BF4 m.p.276"C as compared to the

relativly low transition temperature of l-twif m.p.206"C clearly

demonstrates the influence of the nature of the counterion on the

thermal properties.However,this influence is largest in ionenes

with small organic components,thus with high ion density(m=6),and

decreases in ionenes with increasing size of the organic components,

thus with small ion density,being minimized in the 4-salt series.

The thermal properties of the ionenes should,however,not be dis-

cussed without consideration of the degree of crystallinity and

the crystal structures.



25.3

lonenes cover a broad range of morphologically different materials:

lonenes with R and R' being small generally appear to be highly

crystalline, in some very exceptional cases even single crystalline

(polymeric) ionenes have been obtained.With increasing size of

R and R' the ionenes become partially crystalline or even amorphous.

This can be evidenced by comparing the X-ray diffractograms of

the 1-salt series with that of the 2-,3- or -salt series,e.g.

I-SbF6 (fig.a) with that of 2-SbP 6 (fig.b) and 2-BF (fig.c),with

only the latter two exhibiting a halo around 20=20,which is typical

for partially crystalline polymers.

While the I-salts usually can be recrystallized from the melt,

this is not possible for the 2-salts and 3-salts,so that glassy

solids can be obtained. The X-ray diffractogram of glassy 2-BF1,which

was slowly cooled from the melt,typically exhibits only a broad

"amorphous halo" (fig.d).

"60.

a) b)

1 its.

0I

c) d)
0
o N

diffraction angle /degrees -------- P
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"Trimers" (n = 3) have been prepared as models for the polymeric

ionenes.Surprisingly,not only the trimers have been grown into

single crystals, but also some of the polymeric ionenes,e.g.

1-ZnBr,, could be obtained as relativelylargc single crystals,which

are useful for crystal. structure investigations.

Dielectric spectroscopy of partially crystalline and amorphous

ionenes between 120 and 350"K, and from 10 to 10 Hz reveals th;e

influence of glass and melting transition temperature on both,the

dielectric loss and ionic conductivity of the ionencs.Jn the case

of glassy _-BFI4 , a glass transition at 31(OK was found,with the

conductivity ( 1 kIlz ) increasing from about 5 x 10
- Y 

Scm- at 05°K

to abouL I x 10
- 5 

Scm
- I 

at 320K

The ionic conductivity in ionenes must also be discussed in view

of H-NMR studies on molecular motions a) in interpolymer complexes

of ionenes published recently 3),and b) in ionene salts (owo measure-

ments) ,which both indicate large angle conformationa] deformations

being posible also remarkably below ' in glassy polyclectrolytes.
g

Mlore details about the (di)electrical properties of ioncnes an(l

their aromatic analoques as well as other thermal and optical

properties will be presented at the poster.
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LITHIUMIPOLYETHER INTERFACIAL INSTABILITY

K.A. Murugesamoorthi and J.R. Owen

Department of Chemistry and Applied Chemistry
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INTRODUCTION

The main thrust of recedt work on polymer electrolytes for lithium batteries

has been towards the synthesis and characterisation of high conductivity

material. However, little attention has been paid to the stability of those

electrolytes with lithium electrodes, although the resistance of interfacial

reaction products may well be the performance-limiting factor, especially in very

thin cells I11.

Studies on thick cells of PEO-lithium salts with lithium electrodes operated

above room temperature revealed the presence of a passivating layer at the

lithium/polymer interface t2.33, which could seriously affect performance. This

work is intended to evaluate the effects of interfrcial reactions at room

temperature between polymer electrolytes and lithium.

EMPERIMENTAL

Nickel tracks were evaporated onto the glass substrates using appropriate

masks IFig. la). A solution of polymer in acetonitrile was applied across the

contacts by dip coating under an argon atmosphere using PTFE tape as a mask. The

solvent was evaporated leaving a thin polymer film Ifig. 1b). The lithium

electrode was made by vacuum evaporation across the polymer film making a bridge

to the nickel track through another mask (fig. Ic). Lithium evaporation was

performed using a standard vacuum evaporator housed within an argon atmosphere
2

dry box. An array of eleven such cells each having an effective area of 0.08 cm

was fabricated on a single substrate. Complex impedance measurements were made

in the frequency range 13 flHz to 5Hz and repeated at various time intervals after

the initial fabrication. The following polymers were used for the present study.

doped with one LiCIO per S ether oxygens in each case:

I. PEO (crystalline). Aldrich "H.W. 5,000,000".

2. Oxyethylene-osymethylene copolymer (amorphous)

(supplied bi Dr C. Booth. Manchester University)

3. PPO lamorphous). Her'cules Inc. "Parpl 58'.
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RESULTS AND DISCUSSION

Fig. 2 shows the impedance diagram obtained for a Ni/PEO - LiCIO 4Li cell.

It is evident that there are two distinct relaxation phenomena in this system.

From the values of time constants of these relaxations we can deduce that the one

at high frequency is due to the PEO and that the one at low frequency is due to

an interfacial reaction product.

The thickness of PEO is estimated to be around 4 pm as measured by SEM for

one of the cells prepared in the same way. The conductivity of the PEO was

calculated from the resistance and the geometric factors, and found to be about

10
.6 

S/cm. (The dielectric constant for PEO is calculated to be about I9 from the

relaxation time constant).
2

The minimum area specific resistance obtained for 
PEO was about 160 ohm cm 2

a value which should allow acceptable current densities even for the poorly-

conducting PEO at room temperature. The polymer resistance was found to increase

slightly with time, presumably due to slow crystallization of the PEO.

The interfacial resistance, however, was found to be much larger than that

due to the polymer, and increased appreciably with time (Fig. 3). (The 0

dependence is a common observation in corrosion phenomena). Assuming the

dielectric constant of the interfacial layer to be 10, the thickness of the

interfacial layer was estimated to increase from about 20 to 40 
0
A and the

conductivity was calculated to be about 10
- 1

4 S/cm.

Fig. 4 shows the complex impedance diagram for a typical Ni/PPO/Li cell.

Here the single relaxation has a time constant similar to that of the PEO -Li

reaction product, and is therefore assigned to the reaction product of Li and

PPO. However, the resistance here is much larger, probably because of a greater

thickness, and completely masks any resistance due to the polymer. Considering

the dubious purity of the sample, the greater extent of reaction may well have

been due to impurities in the PPO rather than the polymer itself.

In the case of the amorphous oxyethylene-oxymethylene copolymer, the lithium

film disappeared immediately after evaporation, indicating a very fast

interfacial reaction.
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"OXYMETIIYLENE-LINKED POLY(ETHYLENE OXIDE)" ELECTROLYTES

Christian V. Nicholas, D.J. Wilson and C. Booth

Department of Chemistry, University of Manchester,

Manchester, U.K.

and

Jeremy R.M. Giles, Ministry of Defence,

Royal Aircraft Establishment, Farnborough, U.K.

High-molecular-weight samples of "amorphous" poly(ethylene

oxide) have been prepared. The conductivities of electrolytes

formed from these materials are comparable with the best

values reported for ott.er high-polymer systems.

High-molecular weight poiy(ethylene oxide) (PEO) Is a good

polymer electrolyte, combining useful ionic conduction with

satisfactory mechanical propertiesl,
2
. However PEO is

normally highly crystalline at room temperature and so, since

conduction is mostly through the amorphous phase
1
.
2
, the

polymer has practical application only in high-temperature

devices (T > 80
0
C).

The crystallinity can be reduced by incorporating co-units

into the poly(oxyethylene) chain. If these units are fairly

evenly (but not regularly) spaced along the chain, long

oxyethylene sequences are avoided and the melting-point

depression is maximised. Indeed the melting points of

polymers consisting of linked oxyethylene sequences with

narrow distributions of lengths are found
3 

to be similar to

those of their unlinked precursors. This observation provides

a basis for the preparation of "amorphous" PEO, the essential

pre-requisite being a supply of low-molecular-weight

poly(oxyethylene) with reactive end groups and a melting point

below room temperature.

Fortunately this reqirement is easily met, suitable
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starting materials being the readily-available polyethylene

glycols (e.g. PEG400, PEG200). These diols can be readily

linked by the Williamson reaction, with a dihalomethane as the

linking agent. The resulting oxymethylene links are effeutive

in limiting the crystallisation to that of the short

oxyethylene sequences
4 .

A short summary of the preparative method is given at the

end of this account. The chemistry is straightforward and the

preparative methods are those of "bench-top" organic

chemistry. Ring formation
5  

is indicated by the

low-molecular-weight peak in Fig. 1.

200 2 x 10
5

260 220 180

Elution volume (cm3

Fig. 1. GPC curves of oxymethylene-linked PEO prepared by

use of CH 2 Br 2 linking agent. Approximate molecular weights

are indicated on the curve

Materials produced from CH 2 Br 2 and PEG400 under suitable

reaction conditions are elastomers at room temperature:

typically Mw > 100000, Tm - 150C. [Note: Tm - -10
0
C for

polymer prepared from PEG200J. The glass transition

temperature of linear high polymer, Tg - -65
0
C, is similar to

that of conventional PEO. Material produced directly by use

of CH 2 Br 2 wi'thout purification4.5, which contains a
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,Ijb:lmantiai fraction of planticising rings (see Fig. 1), may

hav, T g -80°C. Conduetivities (o) have been determined for

pure linear polymers mixed with LiCF 3 SO 3  in various

proportions. For example conductivities of g - 5x10
-5 

S cm
-
1

at, 2OC and o - 6x,0
- 4 

S cm
- 1 

at 1001C were found for a

polymer produced by use of CH 2 Br 2 and PEG400 (M W - 200000,

Tm 18°C, 'rg -640C] containing optimum salt concentration

0:Li - 25:1]

A comparison of results with conductivities reported for

conventional PEO
6 

and for polyphcrtphazine MEEP 7 
is made in

Fig. 2. The effect of crystallisation in PEO is to

dramatically reduce o at temperatures below its melting point

(Tm 70
0
C). By contrast the "amorphous" PEO has a fairly

flat, curve of a versus I/T, similar to that found for

polyphosphazines.

NI

Fig. 2. Log conductivity versus reciprocal temperature for

( ) PEO (0:Li, 12:1, LICl1ij), (.s)polyphosphazine

(0:Li, 16:1, LiCF3 SO3 ) and -) oxymethylene-linked PEO

(0:1,1, 25:1. LiCF3SO 3 ).

- - - - -- - - - - - - - - - - - - - - - - - - - - - - - - -
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Preparation of oxymethylene-linked PEO

Finely-ground KOH, chlorobenzene and excess dibromomethane

were mixed under nitrogen in the dark at room temperature.

PEG400 was added slowly and the reaction mixture was stirred

for 16 hrs. After filtration and washing, the product was

examined by GPC and found to contain a wide distribution of

molecular weights (see Fig. 1). The material was fractionated

by use of a toluene/heptane mixture. The high polymer so

'isolated was used for conductivity measurements. Details of

the preparation and purification, including molecular

characterisation of the product, can be found in references 4

and 5.
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NEW ELECTROCHEMICAL CELLS BASED ON DIVALENT POLYMER ELECTROLYTES

A.J. Patrick, M.D. Glasse, R.J. Latham and R.G. Linford

School of Chemistry, Leicester Polytechnic, England.

and

C.A.C. Sequeira

Chemistry Department, Instituto Superior Tecnico, Lisbon, Portugal

lonically conducting polymers consisting of a complex between a

metal salt and poly(ethylene oxide) (P2O) offer a number of

advantages over other solid electrolytes, with regard to their

possible use in advanced solid-state electrochemical devices.

Interesting results on these electrolytes have been reported by

several workers (1-3).

We have prepared and studied polymeric complexes of poly(ethylene

oxide) (PEO) with salts of zinc, copper and silver (4). It was

concluded that some of the studied compounds are good solid

electrolyte materials in view of their high ionic conductivity,

their low electronic conductivity, and their chemical

compatibility with high energy density electrode materials.

Experiments have been carried out on cells utilising electrolytes,

the conductivities of which are at the lower limit of values

acceptable for batteries for present day use. The choice of type

and amount of salt used in these electrolyte films was dictated by

a systematic study of factors affecting conductivity, the results

of which have been published elsewhere (5,6). The performance of

the cells was further limited by the use of a simple casting

technique to form the composite (polymeric electrolyte

matrix/active constituent) cathode; it has since been shown that

significant improvements result from modifying the casting

technique (7,8). Despite these limitations, the currents drawn

were modest but adequate for certain practical devices. An

optimised choice of anion and stoichiometry for a given divalent

cation species can lead to an improvement of two orders of

magnitude in conductivity (5), and a concomitant improvement in

cell performance would be anticipated.

b k/PRO. tg(s c).(45% TIS 50% PO exh(SCi) .. n% acetylene,

black) test call=! The test cells exhibited an open circuit
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voltage of 1.7 V at 30 ± 1 "-'C. The test cells were discharged at a

constant load at 1 mO until apparent exhaustion of active cathode

material had occurred. A current of I pA could be maintained for

1000 hours and a slightly lower current could be sustained for a

further 2000 hours or so. Additionally, test cells were used to

supply the power to an LCD clock (requiring >5 pA at >1.2 V) ) for

periods of two weeks at ambient temperatures as low as 15 "C.

M/PEO.RQ:MX./(45% TiS-. or V.-0-s. 50% PEO-:MX,. 5% acetylene black)

tes n-11: These test cells included M8 , Mg(SC> 2 ; Kg(ClOA) ;

Zn, Zn(CI0 4 );2 anode/electrolyte combinations. For Mg/Ng(SCN).J

TiS ., a current of 0.5 pA could be sustained for 400 hours. For

Mg/Mg(ClO4)/VO, cells, a current of 1 pA could be maintained

for the same time. For Zn/Zn(CIO4 )z/TiS. , a current of 0.5 pA

could be sustained for 300 hours, but if TiS. were replaced by

VcsO,_, the same current could only be maintained for 100 hours.

RI/PEO.:M° (SCN)-./(45% TiS_ or V-O- 50% PROC-MX-. 5% acetylene

black) test cell: Here the anode metal differed from the divalent

cation in the electrolyte. For test cells involving a Zn anode

with a PEO_:Mg(SCN): electrolyte and a VeO,. cathode, 0.5 pA could

be maintained for 120 hours. A rather better performance was

obtained from the combination Mg anode, PEO,o:Ca(SCN)2 electrolyte

and TiSz cathode; 0.8 pA could be sustained for 1000 hours. In

general, for these "mixed " systems, many of which did not meet

our. minimum performance specifications (0.5 pA, 100 hours), Mg

anodes always outperformed Zn or Al anodes in conjunction with

TiS. cathodes, whatever salt was used. This even included systems

for which the divalent cation in the salt corresponded with the

anode material.
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ANIONIC TRANSPORT IN POLYMERIC SOLID ELECTROLYTES

A. K. Sen and S. Son

Department of Chemistry, University College of Sciences,

92, A.P.C. Road, Calcutta 700 009, India.

Initiated by the pioneeringworks of Armand et &l (1) in 1978,

solid polymeric electrolytes have been the subject of brisk

researches owing to their potential use in high energy-density

batteries at temperatures upto 423 K. The polymeric substances

studied are mostly the polyethers like polyethylene oxide (PEO),

polypropylene oxide (PPO) etc. Only a few papers have appeared on

other types of polymers like polyimines (2,3) or polyphesphazenes

(4,5). Alkali and alkaline earth metal complexes of polymers based

on polyethers can be prepared easily by dissolving the salts (Li+ ,

Na + , i+, Rb, Cs+ , Ca++, Mg+
+ etc. with counter ions like halides,

perchlorate, flueborate and triflate(CF3 80)) in molten polymers

under anaerobic conditions. Extensive studies of these materials

have been made during last decade with respect to their structures

(by x-rays, EJAPS), stoichiometries (chemical, DIC), phase studies,

kinetic studies, transport studies, theory of transport in elasto-

merie phase (FYT, DBP theories), mechanism of ionic transport,

viscoelastic studies etc. The most useful property of these

materials is their high ionic conductivity in the elastomeric phase

above the glass transition temperature. The molecular mechanism of

the ionic conduction process is not yet fully understood. A mecha-

nism of conduction of cations through the polyethers have been

advanced (6) on the basis of polyhelical structure of the matrix

which supplies lone pairs from oxygeA, atoms ne"eseary for the

formation of the conducting pathway.

Careful determination of the transport number of the ions in

such polymeric matrix has now revealed that contrary to earlier

belief that the cations are the sole charge carrier, the anions of

the alkali metal salts also contribute significantly to the process.

In fact, in some cases, the anions are the more important charge

carrier. However, for practical application of a high energy-

density battery employing polymer solid electrolyte, it is manda^

tory to have the cationic transference number as close to unity as

possible over the temperature range of operation of the cell.



Transference number of the cations and anions in polymeric

solid electrolytes have been measured by different workers using

a variety of techniques. These include the classical Tubandt

procedure (7), complex impedence spectroscopy (8), T2 relaxation

time in NUR spectroscopy (9), chronoamperometry (10), polarisation

studies (5, 11), radioactive tracer diffusion coefficient measure-

ments (12) and PFG NUR measurements of diffusion coefficients (13).

The application of these different methods is necessitated by the

widely divergent values of transport numbers derived from them

such that unambiguous and universally acceptable values could not

be ascertained up till now. For example, cationic transference

number ranges from 0.03 to about 0.95. The reason for such wide

variation is not clear.

The fact that both cations and anions are responsible for charge

transfer through the polymeric solid demands a mechanism of the

transport of both types of ions in the elastomeric phase. It is

now definitely known that fully saturated polymer-metal salt comp-

lexes with low OsM ratio leads to crystalline compounds which are

almost non-conductors. But in the elastomeric phase, particularly

above the glass transition temperature, the crystals dissolve in

excess of the uncomplexed polymer to result in unsaturated comple-

xes. Under this condition, the cations are subjected to the field

of available lone pairs from the oxygen (or electronegative ele-

ment) of the excess polymers. In the dynamical medium, these

neighbouring electron pairs can accept the cation and these may

hop from place to place along the polymeric strands. While this is

a reasonable microscopic picture of cation migration, the mechanism

of transport of the anions remain unexplained and usually it is

assumed (without much reason) that the anions are completely free

to move in the polymeric matrix.

It seems reasonable to consider that both the cations and the

anions are complexed by the polymeric solid, the latter behaving

s a multidentate ligand. The cation Is 'coordinated' by the elec-

tron pairs of the polymer and this 'electronation' of the cation

is the reason for its solvation in the polymer. If the strength df

the lelectronation' is emall the solubility of the salt in the

polymer will be low. On the other hand, a very strong *electrona-

tion' of the cation will hamper its migration through the polymer
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because the possibility of bond breakage (and subsequent bond re-

newal) necessary for migration will be small. The anions will

similarly interact with the hydrogens of the polymer backbone to

form hydrogen (proton) bond and may be considered as 'protonated'.

Such bonds are normally very weak so that their formation and brea-

kage may take place without much involvement of energy. They are,

therefore, relatively free to move through the electrolyte.

For migration through the polymer the cations need a continu-

ous electron path. This is supplied by the periodic disposition of

the electron pairs associated with the electronegative element of

the polymer. However, for the anions, the required continuous 'proton

path' will be provided by the periodic disposition of the hydrogen

atoms of the organic backbone of the polymer. With these ideas the

variation of mobility of different types of anions through the po-

lymer as well as the dependence of mobility of anions with tempera-

ture and pressure can be rationalized.

The variation of the mobility of the anions depends on intrinsic

factors like 1) hydrogen bonding ability, 2) size and 3) polarity

of the anion and extrinsic factors like temperature and pressure.

The hydrogen bonding ability or 'protonation' of the anion is

directly related to its solubility. A strong protonation will incr-

ease the solubility at the cost of the mobility through the polymer.

It appears that too small a size of the anion will cause it to

rattle in the interstices and prevent its motion through the conti-

nuous proton path although the higher ionic potential would ensure

its greater solubility in the polymer. However, diffusive motion

will be more allowable for anions with small volume and the oppo-

site will hold for those with larger size irrespective of their

greater mobility along continuous proton path. The polarity of the

anion i by far the most important factor in deciding the ultimate

anion mobility. Iven if the size and the Oprotonation' ability of

the anion is favourable for migration, its dipolar character might

cause it to form clusters and prevent its easy motion. They will

also hinder the motion of cations by forming ion-pair. Thus a dipo-

lar anion of moderate size containing atoms capable of protonation

will render it less mobile than a non-polar anion. Triflate ion

satisfies these characteristics and Li-triflate is, therefore,

widely used in polymer based lithium storage batteries. This in
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however, not an ideal choice particularly at higher temperature,

where the anoin shows considerable molbility.

An increase of pressure brings the polymer backbone closer to

each other so that for a given size of the anion, formation of

closer proton path will result in greater mobility for an anion

like C104, than a dipolar anion like thiocyanate or triflate.

Increase of temperature will increase in general the mobility of

all types of anions.
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IMPEDANCE AID OTHER STUDIES

OF ZINC POLYMERIC ELECTROLYTES
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School of Chemistry.

Leicester Polytechnic, England

and

H.Yang and G.C.Farrington
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Poly(ethylene oxide) in conjunction with zinc salts can

be used to form electrolyte films of PFO,,:ZnX - which are

analogous to the better known Li polymeric electrolytes. Both Li

and Zn systems contain spherulites. Unlike the majority of Li

electrolytes (1,2), the Zn based materials usually contain only

one type of spherulitic region, corresponding to PEO; no high-

melting complex appears to be present in these cases. They can

be used in conjunction with Zn electrodes (which are

substantially less chemically reactive than LI) for low current

density power source and other applications (31.

Figures la and lb show typical results for differential

scanning calorimetry experiments for both a Li and a Zn polymeric

electrolyte. The following features are observed :- (I) a low

temperature step at T, ; (Qi) an endothermic and fairly sharp

peak corresponding to pure PEO melting ; (iii) for the LI trace

only, a broad high-temperature peak arising from the melting of

polymer-salt complex.

By contrast figures 2a and 2c show that for the

PEO.,,:ZnBr system there is evidence for the presence of high

melting polymer- salt complex. As for LI systems (4] the

melting point of the complex is composition dependent. The

sample used In figure 2 was subjected to the thermal history

shown in figire 3; the behaviour is summarised in table 1. The 1..,

indicates the presence of an amorphous phase and the broad peak

at a higher temperature than the PEO endotherm confirm the

presence of the complex; there Is a salt balance between these

two phases. After natural cooling of the melt to room
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temperature, followed by quenching to -90"C the heating cycle was

repeated, giving rise to figure 2b. Here, the peak due to the

complex is absent because there was insufficient time for

crystallication. After prolonged storage it can be seen from

figure 2c that the amount of complex has increased and its

melting point is higher; there are concomitant changes in the

temperature and height of the T. step. The contrast between the

behaviour of Znl;. (no complex) and ZnBr. (complex) electrolytes

may be strongly Influenced , not only by the anion , but also by

the preparation conditions (which differed for the two samples).

1*-

-igure 1. DSC traces for Figure 3. Thermal history for the

(a) PEO7 :LiCF,SO; (b) PEOza:ZnI 2 fig.2 sample of PEO -o:ZnBrz

V. _ _ Tg Tm('C) Tm('C)
W (C) (Pt nPEO) (co.I,,)

W~~h~~ 20 so 7090
Fehea ing

S0 60

0EPRTR (0c)IosoW 40 6 s 3
TEMPERATURE (-C)

Figure 2. DSC traces for Table 1. Thermal data for the

fig.2 sample of PEO,:,:ZnBr:. fig.2 sample of PEO-.-:ZnBr

The results from other studies, such as SEM/EDX and

variable temperature polarising microscopy, on Zn polymeric

electrolytes will be presented at the symposium.

Electrolyte conductivities are obtained from the

extrapolation of the high frequency end of the linterphase

region' of the impedance plot. (It is worth noting that the age

of the P9O used to make the film can affect the conductivity of

an electrolyte film of given stoichiometry by a factor of -100.
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Normally the conductivity variation with temperature is depicted

on an isoplethic (I Arrhenius
° 
) plot. This variation is

accompanied by a change in the appearance of the impedance plots

(Figure 4) , resulting from the low and high frequency limits of

whatever instrumentation is used. CPA elements find particular

application in the equivalent circuits of these, and other,

polymeric electrolytes.

inI1l.I 111t SC S.. MAlTIM me

. 1.

G.. 8..

1*. Es..
S.0.

"2.o 2.

5.* 2. o 3 .4 s 5 .o .o o . eo.o ,.. 2.o S.o 4.G 7.4 8.. I.o o W *,.*

In In ~ . I II V.

.2. I.AI ** I .O I

1z~ i.o-

-! .... or 11'8 . t I'.I'42 .,t . 28 .. .

-. . .. .. . In ft. .

Figure 4. Variation of impedance plots with temperature for the

system PEO, :ZnI:.

The transport number of Zn - in these films has been

measured from the impedance spectrum using Zn electrodes; for

example, PEO,.:Znl at 120-C. t' = 0.19, and at 100-C, t" = 0.23.

Unlike totally amorphous systems these results cannot be

extrapolated to room temperature because of the intervening

morphological changes. The classic method (5] cannot be used at

room temperature because not all of the three items of

information required lie within the accessible frequency range.

Vatanabe's use (6] of the d.c. limit overcomes this limitation.

A preliminary comparison of Zn and other divalent salt

electrolytes is shown in figure 5. The conductivities of the

chlorides are at leart an order of magnitude lower than those of
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the corresponding perchiorates; there is a significant dependence

on cation type for the chlorides but not for the perchlorates.

It can be inferred that, provided the morphology is similar, the

transport number of the anion is greater in the latter case. It

is therefore possible to obtain indications of transport number

from experiments using blocking electrodes.

I (C.Ietu.) T (Celgluo£

I" so 5 26 266 s3o5 29
- N 'USO l Z I 0

-2 -2-5 I

U * U

-4

-I +:PE01: UO% -9 • : 016: MM04)

0: PEO16 : ZrC2 4PEO' 6  8aWc4l
PE0 16 : Ba% "Eo: O r6 ZC04)2

22.5 2 2.5 2 2. 2

Figure 5. Isoplethic. conductivities for divalent polymeric

electrolytes; (a) PEO,-:MCI. (b) PEO,-:M(CIO.)O.
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Proton Conduction in Linear Poly(ethylenimine)-Sulfuric Acid

and -Phosphoric Acid Systems
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Solid electrolytes that exhibit high proton conductivity are of

great interest as the electrolytes suitable for use in batteries,

fuel cells, and electrochromic display devices. Among the repor-

ted organic proton conductors have been triethylenediamine-sulfu-

ric acid composites. In contrast to Naf ion films etc., it remains

proton-conducting in the absence of imbibed water.
1 Linear poly-

(ethylenimine)(PEI), structurally the simplest secondary amine

polymer, seems to be a suitable building block of the polymeric

proton conductors with above characteristics. We now report some

behavior of PEI-sulfuric acid, and PEI-phosphoric acid systems.

EXPERIMENTAL

PEIs (Mw:(L), 5x10 4; (H), 1.9x10 5 ) were obtained as reported

elsewhere.2 The PEI was weighed after drying under vacuum at 100

OC for 1 day and dissolved in absolute methanol. PEI-H 2SO 4 as well

as PEI-H 3 PO4 systems with various degrees of neutralization

(acid/EI unit = 0-1) were prepared by adding the calculated

weights of concentrated sulfuric acid (>95%) or phosphoric acid

(85%) to the methanol solutions of PEI and stirring at room

temperature for 1 day. As long as the acid/EI mole ratio was less

than 0.3, no precipitation occurred. When such solutions were

cast onto PTFE dishes under N2 atmosphere, amorphous, hygroscopic

polyelectrolyte films were obtained. Their glass transition tem-

peratures (Tg) were below room temperature. The PEI-H 3PO4 films

were mechanically too weak to deserve conductivity measurements.

Precipitation took place when the acid/EI ratio exceeded 0.3. The

precipitates were filtered, and dried under vacuum for several

days. The solids were crystalline according to their X-ray dif-

fractions; but neither T.'s nor melting points Tm's were observed

by DSC below 180 0C where thermal decomposition intervened.
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The samples for conductivity measurements were prepared as disks

(12 mm in diameter and 0.3 mm in thickness) by pressing the cast

films at 1000C (film samples), or by pressing (30 KPa) or rubber-
pressing (40 GPa) the precipitated powders at room temperature

(pellet samples). The proton conduction through such samples was

confirmed by observing the emf's of the hydrogen gas concentration

cells constructed with the samples as the electrolytes. The ac

conductivities were measured between a pair of stainless steel
electrodes at various temperatures under vacuum on a Yokogawa-

Hewlett Packard 4192A Impedance Analyzer over a frequency range of

5 Hz-13MHz.

RESULTS AND DISCUSSION

PEI-H2SO4 Films. Typical complex impedance plots are shown in

Fig.1. The temperature dependences of bulk conductivities of film

and pellet samples of PEI-H 2 SO 4 are

shown in Fig.2. The amorphous films PEI(H)-NS
HS0IEiunIt-O.05

exhibit curves of the WLF type above I at93*C
X

their glass transition temperatures; X

the ionic hopping may be cooperative ,

with the segmental motions of PEI. A 14 0"' y 
*.**"'

conductivity maximum arose in Fig.3 at V

a low H2 SO 4 /EI. The addition of sulfu- 0 1t 2

ric acid initially gives rise to an in- Z'IIO'OHM

crease in the number of ionic carriersFig.1 Typical complex impedance

but the ionic interactions among PEI plots for a PEI-H2 S04 film sample.

chains get stronger as the degree of -.

neutralization increases. As evidenced Wii,,,,
o0 ."

by the large elevation (from 250 to 298 - ,.a0 ..o *.2!

K) of T measured by DSC, the systems £ ..,

become more and more viscous, and the
ionic mobility decreases significantly. •

A very simplistic consideration of the S

acid-base reactions involved can lead to

Fig.4, which shows how much of a desig-

nated species will be formed when a cer-

tain fraction of sulfuric acid is added

to a mole of El repeat unit. The compo- A -o

sitions of the film samples belong to
Fig.2 Temperature dependence

region I of Fig.4. The proton conduc- of electrical conductivity of
tion is presumably controlled by hopping PEI-4 280 films and pellets.
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of protons from the immonium nitrogens to

the unprotonated imino nitrogens; reasonable -5 t , oC

numbers of not only protonated but also A0 F o1111

unprotonated El units seem necessary. -6. AtL

PffI-IIH Pellets. The pellets made from

the crystalline precipitates were not hygro- -

scopic. Fig.2 shows that the temperature 0

dependence of their ionic conductivity was - A

of the Arrhenius type. Moreover, as the

right half of Fig.3 indicates, the conducti- i -9 6 06CN(iS0q)/(EI Unit)

vity increased rapidly as 
the degree of

Fig.3 Composition dependenoo
neutralization increased; the mechanism of electrical conductivity of
of proton migration seems quite different PKI-H2SO4 at 373 K.

from that in the films. _ __-_

We can see from region II of Fig.4 that, to

the first approximation, the number of \ /.,A
protonated EI units becomes constant and the / ,-

unprotonated imino nitrogens become unavai- :1. '7"

lable as proton sinks at a high degree of '''

neutralization. The proton interplays among / - 5

the hydrogen-sulfate and sulfate ions, which ,/ /

coexist in the framework of protonated PEI /

chains, have to be dominating the proton
Fig.4 Relative amounts ofconduction. A reservation must be made, chemical species present in

however, concerning the role played by the PKI-H2SOL or PKI-H3P04 ,

PEI chains. It is known that some 30 % of a simplified picture.

the imino nitrogens of branched PEI remain unprotonated even at pH

- 2 in aqueous solution because of the Coulombic repulsion from

the already protonated sites on the same polymer chains.3 If

similar unprotonated nitrogen sites are present in our pellets,

they also should provide the proton hopping sites.

PEZI-HIP 4 Pellets. In contrast to PEI-H 2SO4, the precipitates

here were very hygroscopic and their assaying was difficult. The

DSC diagram of the dried precipitates, especially with

(H3PO4 )/(EI) ( 0.5, were irreproducible; a small peak often ap-

peared near 60*C, but sometimes it did not. This sort of struc-

tural instability appears to be reflected in the nonlinear

Arrhenius plots in Fig.5. Despite of this dificulty, the pellets
were by ca. 2 orders of magnitude more conductive than PEI-H 2SO4

of a similar acid/El ratio if compared at a common temperature.
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As Fig.6 indicates, the gross feature of 4

the dependence of conductivity on composi- ,.n .I

A0 .4
tion was similar to that of PEI-H 2SO4 pel- S ....
lets. If we could assume that each proto- 0 9

nated site of PEI has a Bronsted pK of ca.-

9 (a reasonable value for a monomeric

secondary amine); phosphoric acid, whose 8

PKal, PKa2 and PKa3 are 2.15, 7.20, and

12.35, respectively, should act perfectly

as a dibasic acid. Then Fig.4 would again

account for the relative amounts of chemi-

cal species present in a pellet; here, of . .

o,rq, "Po 4 an 112PO4- anions take the

places of S0 4
= and HS0 4 -, respectively. Figelectperatr codependenceof

Proton transit through the arrays of co- PEI-H 3PO/ Pellet.

existing lIP0 3
= and H2PO3 - anions is

probably responsible for the proton conduc-

tion. Nevertheless, deviation of the sim- .

plified picture of Fiq.4 from the reality

must be more serious than in the case of .

PEI-H 2SO4. Namely, as the degree of proto-

nation of a PEI chain increases, the pKa of

a protonated site in such a chain can

become comparable to or even lower than

that of HPO 3=.
4 Participation of PEI nit-

rogens to the proton relay cannot be

totally discounted even when acid/(EI)0 > 04 * 0 .

0.5. 4)/|[I I*
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A NIXED-SALT POLYETHER ELECTROLYTE E4iF.LJ .(El,.
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Department of Chemistry, University of St. Andrews

St. Andrews, Fife KY16 9ST, Scotland.

I EThODUCT ION.

A study by Moryoussef'' on the conductivity of PEO/alkaliie -earth

salt complexes revealed the interesting result that the mixing of

salts bad a noticeable enhancement on conductivity i.e a

PEO,.. (CaBr).. . <ACa I ).,. .' complex had a greater conductivity than

either of the pure PEO.,,.(CaX .)., X =Br/I. complexes. Although

not verified exper~mpn-tall-y, it was suggested that this was due

to a plastifying effect which favoured the formation of an

amorphous phase at the expense of the crystalline phase.

In this paper we present conductivity and nmr results for the

mixed-salt polyether electrolyte P(EO).,(LiGF-.SO .1. .. (Nall...

Attention is given to the modified conductivity and nmr- behaviour

of the mixed system in comparison to P(EO),,LiGF.SO. and Is

discussed in terms of the increased topological disorder

introduced when more than one salt is present.

EXPERIMENTAL-

P(EO) MWt 4x101, (Aldrich Ltd.), Hal (Aldrich Ltd.), LiCF:,SO. (3M4

Ltd.) were dried and the required compounds formed by the :hall-

mill technique-. Filme were hot-pressed and their conductivity

determined by a.c: impedance methods'. Samples for nmr were sealed

under vacuum and analysed at 5ONHz by the Free Induction Decay

(FID) / Spin-Echo technique pioneered by Berthier et al" where

short T.. FIDs were associated with crystalline polymer or

immobile salt species, and longer T.- FIDs with amorphous polymer

or mobile salt species.

RFZS1zUD1LOLaQ

Fig. (1) shows the plot of log-wf versus l/T for the mixed-!s-alt

system P(EO).[LCF SO....A Nall-,,.. Compared with the available

data-" ., , the w vs. temperature profile shows a marked

improvement on that of P(EO).LiCFSO. and a slight improvement on

that of P(E0).Na[. Fig. (2) shows plots of the percentage_

amor phous; content for both the mixed-salt and LI;F .SO . complexes

v1.. temperature, as determi ned by the nmr technique. I t I s

apparent fT om the figure. that Mor yiussefs, contention of an

increased amorphous phase when salts, are mixed is vindicated

heo, with tho mixed--iall. 3Ystem showing 71-10% more amorphous

c,,av.-tJ.r at mrv~t tomporaturoci. Alswo intore-nttng i-. the closie
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Givon that analysis of the - relevant FIDs can yield similar
Information for the 'Li (cation) and ' 'F (anion) nuclei as it
doe_ f,,r 'H. d.ita was also taken for tho'e nuclei and their
par,: -fet.ge amorphous (or mobile) component ,calculated v-'.
temp-'rature for both the mixed-salt and pure LICF ,S. systems

(fig. (3) .

P :i]gjiaL: The P(EO 0,LICF SO, fluor tie -ignal wa'; fouind to Vle
'1Ingie 7omprinont., 'hort T ( 3Oprs), ovel mo t of the t.,mperatiJto
range tntil above 90.. whore a steal] .3m.,ont. (147 ) of long r
componenl. waz ob'er ved. In contra t, tho ml xod-ca It yvstom rhwed
a mu,:h larger mobile fraction over the entiro tornT, attire r ing,
ri-ing monotonicallv to t:'4% of the t()t.al .3tgal at; 10
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(b);L Sigl; Like the 'IF signal in P(EO)4 LiCF:.ZO-,, the 'Li FID

was found to be single-component short T.. (120ps) over the

entire temperature range, with no long T. (or mobile) component

observable. In the mixed system the striking observation was two-

component behaviour (short and long T-) with the appearance and

growth of a long T,_ signal near the onset of the region of

enhanced conductivity in the w vs. temperature plot. This mobile

component was found to grow rapidly with temperature and by 78'-C

(where all the P(EO)4 LCF.SO- signal was still short T..) the 'Li

FID was observed to be one-component long T., suggesting that all

lithium cations were now mobile in the system.

The results presented so far suggest that the mixed-salt system

contains more charge carriers i.e mobile anions and cations

(fig. (3)), in a more extensive amorphous polymer phase (fig. (2))

than the equivalent P(EO)4 LICFSO.. material. This in turn wou]d

immediately explain the enhanced conductivity of the mixed

relative to the ci.gle salt system and may be considered to be a

result of the topological disorder induced into the system by the

mixing of salts and hence ion size and type.

Further evidence was gained by estimating the T, relaxation times

for 'H (amorphous chain) signals from the decay of the transverse

magnetization (fig(4)). T.. values (considered a probe for chain

mobilty'-"-) for the mixed salt were found to be consistently

less than the single salt at all elevated temperatures 060.'C)

I.e at 80-C the P(EO).LICF ,SO T. value was typically lOms

whereas the mixed-salt was much less at around 2ms, implying that

wherta- the larget con,';entration of mobile ions in the amorphous
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Fig(4.. Decay of the 'H transverse magnetization versus time.

phase of the mixed salt system can give a larger conductivity

than the single salt, they also tend to raise the microscopic

viscosity of that phase, probably by networking the system with

transient cross- links.

The mixed-salt polyether P(EO)4ILICF.SO.]., ,ANaIl . has been

shown to have a larger amorphous phase content, an increased

nmblle salt content, and a superior conductivity to that of the

Pquilvatrnt P(OL0LiCF-.SO, system. The effects are considered to

arise from the topological disorder introduced into the system by

tho mixing of salts.

A nm),e detailed treatment, including data for the mixed-salt

electrolyte P(HU).: LICF-.SO)-, -.([Nai ,. -., and discussion of the

on-polarisation effects present in these systems, will be

presented elsewhere.
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Poly(propylene oxide) (PPO) is known to form amorphous ion

conducting complexes with alkali metal salts. 1 ,2 Previous studies

of PPO complexed with LiC10 4 have shown that large scale segmental

motion of the polymer chains is principally responsible for ionic

transport2, in general agreement with the results of a wide array

of recent investigations. The present study concerns related work

on PPO:NaI and PPO:KSCN complexes. In particular, it is observed

that these materials exhibit behavior similar to that of previously

investigated PPO complexes, however, they become unstable at

moderate temperatures (<1000C). As will be discussed, the
instability is manifested ultimately by the separation of the salt

from the polymer.

We have performed differential scanning calorimetry (DSC),

electrical conductivity and 23Na nuclear magnetic resonance (NMR)

measurements on PPO8 NaI, both in vacuum (or ambient pressures) and

at elevated pressures (up to several kbar). Tn addition, DSC and

conductivity data for PPO8 KSCN are presented.

The host material studied was Parel 58 (Hercules, Inc.)

elastomer which is a sulfur-vulcanizable copolymer of propylene

oxide and allyl glycidyl ether. As the primary constituent is

propylene oxide, the material will be referred to throughout this

paper as PPO. The DSC results for PPO8NaI are shown in Fig. 1.

Results for uncomplexed PPO are included for comparison. It is
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clear that the complexed material is highly amorphous in that it

exhibits a strong glass transition with a "central" T of aboutg
60C. (The "onset" Tg. is about OC and the "end" is at about 120 C.)

Consequently, T is about 680 C higher than for the uncomplexed

material for which the "central" glass transition temperature is

about -62°C as shown in Fig. ic. An increase in T with the

addition of salt to PPO is well known phenomenon
2 .

In addition, in the DSC studies for PPO8NaI, a strong, sharp

endothermic event is observed at about 1000 C. In order to obtain

information concerning this feature, the material was annealed at

175°C, quenched to -140 0C as rapidly as possible in situ, and the

DSC studies repeated. Typical results for the quenched material

after anneal at tempetatures above 140 0C are shown in Fig. lb. In

all cases, a strong glass transition typical of uncomplexed PPO is

observed. In addition, there is a high temperature exothermic event

followed by an endotherm. Similar behavior has been observed for

PPO8NaClO 4 where it was concluded that the high temperature

endotherm is due to the salt coming out of the polymer, i.e. "a

salting out" effect.3 The primary evidence is that only the glass

transition due to uncomplexed PPO is observed after quenching from

temperatures above that of the sharp endotherm. Further, the

material exhibits the original behavior (Fig. la) after allowing

the sample to sit at room temperature overnight, i.e. the salt

redissolves in the polymer. Salting-out has been observed spectro-

scopically for PPO containing NaSCN.
4

-5.5

a
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J: E
0.6 -7.5

b E
0400.4

0.2 c

01 -10.5
-1oo -50 0 50 100 150 2.5 2.8 3.1 341 3.7 4.

T(oC) 1000/T (K 1 )

Fig. 1 Fig. 2
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In order to gain further evidence for the salting-out effect,

electrical conductivity studies were performed. (It was not

possible to perform such studies for PPO8NaC10 4 as the salting-out

temperature was outside the range of the conductivity apparatus.)

The results are shown in Fig. 2. It is seen that the electrical

conductivity begins to deviate from its lower temperature behavior

at about 850 C.

A general feature of the 23Na NHR results is the coexistence

of two separate lineshape components with substantially different

spin-lattice relaxation times (TI) and linewidths. As in previous

studies of similar complexes, the long-T1 and broad component is

attributed to bound Na species while the short-T1 and narrow

component arises from mobile Na+ ions. 4 The ratio of the narrow

line to broad line intensities as a function of reciprocal

temperature is plotted in Fig. 3. That the difference between the

lowest temperature value and the maximum value (occurring just

above room temperature) is only about a factor of ten is indicative

of the relatively minor role that "carrier generation" plays in the

overall conductivity, which changes by more than four orders of

magnitude over the same temperature range.

10 -

2.5 3.0 3.5 40 45s 5.0 5.5 &0

Fig. 3 1000/T (0)

The salting-out effect is manifested as a sharp drop in mobile

ion concentration above - 80°C. In addition, the slight decrease in

N/B just after reaching its maximum value, which has been observed

in other complexes 4
, is suggestive of an ion-pairing mechanism

which, in fact, may be a precursor to salting-out.

____
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Another example of the salting-out effect is evident upon

viewing the data for PPO8 KSCN, shown in Figs. 4 and 5. For this

material, the salt comes out of the polymer at a lower temeptarure,

about 600C as seen by a sharp endotherm at about 600 C in Fig. 4.

That the material was complexed is shown by the single glass

transition temperature at about -250 C. Once again, upon thermal

treatment, the glass transition disappears with the appearance of

an uncomplexed PPO glass transition. This material is interesting

because the melting endotherms for the salt are at relatively low

temperature as shown in Fig. 3a. As shown in Figs. 4b and 4c,

similar endotherms are observed in the polymer after heating above

600C. Since the salting-out effect occurs at a relatively low

temperature, the effect on the electrical conductivity is quite

dramatic as shown in Fig. 5.

1-5
0.8a," -b E
0.6 -

0 E

0.2 
-g

0 - - - 'I.5 2.8 31 34 37 41 0 -4 0 2 0 (oc 14 20000/ T (K -)
Fig. 4 Fig. 5
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SOLID STATE SODIUM CELLS WITH POLYMER ELECTROLYTE

K. West, B. Zachau-Christiansen, and T. Jacobsen
Fysisk-Kemisk Institut, The Technical University of Denmark

DK2800 Lyngby. Denmark.

All-solid-state batteries with Li and an insertion material as
active electrode components and polp-(ethylene oxide) based electrolyte
has proven to be feasible alternatives to the classic secondary bat-
tery systems (1-2]. We have demonstrated, that also Na can be used as
active material in this type of batteries [3]. The main incentive for
replacing Li with Na is the generally higher conductivity of Na elec-
trolytes, and the fact that Ha does not form alloys with aluminium,
making it possible to use this light metal - instead of nickel - for
current collectors in bipolar cells. Furthermore Na is more abundant
and less expensive than Li. These advantages will however be offset by
a decrease in energy density caused by the higher molar mass of Na and
the generally lower capacity of sodium insertion materials. In the
present paper the behaviour of poly-(ethylene oxide)-sodium perchloraLe
electrolyte in all-solid-state cells will be discussed. a-V 0 is used as
active component in the positive electrodes, as good cycling lives can
be obtained with these electrodes. The operating temperature for these
cells was chosen to 80 0 C, well below* the melting point of Na (98°0.

EXPERIMENTAL

Electrolyte f lms were prepared by casting acetonitrile soluti-
ons of PEO (Mw=4.10 , BDH) and recrystallized NaC1O 4 (Merck) on inert
supports. After solvent evaporation the films were dried in vacuum
(<0.01 torr) at 1200C overnight. This drying procedure of the casted
films has proven to be of greater importance to the cycling behaviour
than the dryness of the starting materials. The thickness of elec-
trolyte films prepared this way was -50 pm.

RESULTS AND DISCUSSION

The ionic conductivity of PEO-NaCIO 4 films was measured at dif-
ferent salt concentrations as function of temperature. The results
shown in fig I are consistent with results obtained for PEO-LiCIO 4 (4].
Based on these results. I.he composition Na:O - 1:12 was chosen for (ur-
ther experiments. With this electrolyte composition an ionic conduc-
tivity of 6.5-1t - 4 (Ucm) - I was achieved at the operating temperatuxe
(80C'.

Results of AC impedance measurements on symmetrical cells, with
Na electrodes on both sides of the polymer film, are shown on fig 2.
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Fig 2.A shows the impedance of this cell shortly after assembly
and heating to 800 C. The bulk resistance determined as the high fre-
quency intercept with the real axis (45 ) is somewhat larger than ex-
pected from geometrical parameters (22 2), but the cell impedance is to-
tally dominated by the large interfacial impedance. Two different
relaxation arcs can be identified. The impedance of the cell is however
not independent of time, as can be seen from the sudden decrease in low
frequency impedance. The cell impedance stabilizes after a few hours,
and the impedance measured the day after cell assembly is shown on fig
2.B. The interfacial impedance has now decreased considerably, and three
distinct arcs are seen in the impedance plot. Tentatively the arLs can
be ascribed to different phenomena., I: Resistance of an ionically con-
ducting film on the sodium surface (220 O2cm 2 ), I: Transport in an
inhomogeneous, porous layer (see [5]), and Ill: A diffusion arc caused by
simultaneous transport of anions and cations in the bulk electrolyte
(6]. From extrapolations of the width of arc III, and of the high fre-
quency intercept, the transport number of Na + in the electrolyte is
estimated to 0.2.
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The symme tr ica I cfells was fotind Io h ver y pr (ne to dend[ itic
short iril, and [ailed in all cases after a few dayn,. Iii oi der to monitor
the long term stability of the Na-polymer irterphase, AC impedance
mea tiirements were performed on complete cells with a Na negative elec-
trode and a positive electrode consisting of 64 w/o a-V 20, 9 w/o
aceLylene black, 19 w/o PEO and 8 w/o NaCIO4 . These cells were much more
stable towards dendrites, and could be cycled for months without short-
inq. In some cases dendrites formed (especially durinq the first few
recharqes, but they caused only temporary drops in cell voltage and
vanished without causing any discernible decrease in cell performance.
This phenomenon, often called "self healing" or "soft dendrites", is also
known from Li conducting polymer electrolytes.

The impedance of the cell just after assembly, fig 3.A, show the
same hiqh frequency arc as seen in the symmetrical cell. Calculated on
basis of Na electrode area an initial surface resistance of 1.8 kQcm

2

is measured in both cell types. The low frequency pattern is however
different, as this part of the impedance spectrum is dominated by the
porous positive electrode.

A small current is drawn from the cell during the initial equi-
libration period, and the day after the assembly, the interfacial im-
pedance has dropped to -90 .cm2 . fig 3.B. The cell is now cycled with a
current density of 0.1 mA/cmylto a depth corresponding to uptake of 1.5
Na per V 05. The interfacial impedance increases upon cycling: after
cycle 15 i 'is 130 S2'cm 2 , and after cycle 69, where the cell capacity has
drop ped to half of its initial value, a broad arc corresponding to -500
Q.cm is obtained. At this point all Na in the cell has been cycled -2
times.

When no current is drawn from a cell, a similar pattern is ob-
served: initially the interfacial impedance decreases drastically, but
upon prolonged stand it increases slowly again.

CONCLUSION

When properly prepared, PEO-NaCIO 4 film can be used as elec-
trolytes in all-solid-state Na .cells. The high impedance of the Na/elec-
trolyte interface seen Just after assembly drops off to a value where
it only gives a small contribution to the overvoltage during cell opera-
tion. Upon prolonged cycling an increase in the interfacial impedance is
seen, possibly due to the formation of a porous layer on the
Na/electrolyte interface.
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